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High-resolution inelastic electron scattering has been performed on 14°Ce. A search 
for high-spin, stretched-configuration transitions lead to the identification of a J1r = 
12- state at 6.31 MeV. This transition has only 8% of the calculated single-particle 
strength. The absence of strong high-spin transverse excitations is interpreted as 
evidence for fragmentation of the single-particle strength. Transition charge densities 
for six low-lying states have also been extracted. These have been compared with 
available theoretical calculations; only the qualitative features of the experimentally 
reconstructed densities are reproduced. 
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PREFACE 
"What kept me beating on the novel was the shear size of it and of my 
investment in it; this was no birdhouse I had screwed up but a genuine 
mansion, a three-story plaster-of-paris mansion deluxe designed by me 
and propped up by hundreds of two-by-fours; a fellow doesn't walk away 
from a mistake that big, he likes to keep at it; he thinks that maybe the 
addition of one more two-by-four will solve the problem." 
Garrison Keillor [Ke83] 
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1 INTRODUCTION 
Atomic nuclei exhibit a wide range of collective behavior. Excitations where many 
protons and neutrons are involved are a fundamental and often-studied aspect of nu-
clear dynamics. On the other hand, single-part icle excitations provide insight into the 
limits of mean-field theories such as the Independent-Particle Model (IPM) (discussed 
in section 3.1). 
Electron scattering has been an effective tool for studying both classes of phe-
nomena. The electromagnetic interaction is well understood, is weak enough to not 
disrupt the system being measured, and is able to excite transitions of any multipolar-
ity. The ability to vary the momentum transfer for a given energy transfer allows the 
precise mapping of charge and current densities within the nucleus. These densities 
serve as the meeting ground between theory and experiment. 
This thesis describes an investigation of both collective and single-particle phe-
nomena in the heavy, singly closed shell nucleus 14°Ce. Data for the companion 142Ce 
measurement (Ki91) was taken during the same runs as this experiment. This work 
is part of a broader study of closed and near-closed shell nuclei (Li78a, Li79 , Go80 , 
Li80, PaSO, Pa81, Pa82, Sc82, Sc83, Mi85, He84, Pa87, Ba90, Co90, Mi90, Wi90, 
Ki91, Wi92, Ki92a, Co92). 
1.1 High-Spin States 
Stretched-configuration high-spin states (for which the multipolarity is the maximum 
available for the orbital and spin angular momenta involved in a single-particle (hole) 
transition) are expected to be nearly pure, shell-model states and therefore can pro-
vide stringent tests of the validity of nuclear mean-field theories. With the exception 
of the lead region, which has been explored carefully (Li78a, Li79, Li80, Pa81, Co92) , 
the search for stretched-configuration transitions has been carried out mainly in light 
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and medium-heavy (A < 90) nuclei. 14°Ce, a heavy nucleus, is particularly inter-
esting because it has a closed neutron shell (N = 82), and therefore bears a certain 
similarity to the case of lead (Z = 82), which has closed proton and neutron shells. 
One may hope to learn how such fundamental excitations change as one of the shells 
is allowed to open. 
Many elastic and inelastic scattering data for stretched-configuration states show 
a reduction of strength and a fragmentation of what the IPM predicts to be single 
peaks [Li84, Pa86, Pa87]. This quenching has been attributed to partial occupancy 
of shell-model levels [PPW84]. A difficulty in studying this modification of the IPM 
is that a number of particle-hole combinations contribute to the total strength for 
most accessible transitions. Stretched-configuration high-spin states, however, have 
simple microscopic compositions as the number of single-particle transitions that can 
couple to large J is small. 
A primary goal of this experiment was to search for, identify, and measure the 
MlO, M12, and ElO stretched-configuration high-spin states predicted for 14°Ce on 
the basis of IPM. The results of this search (section 5.1) have already been published 
[Mi88]. 
1.2 Low-Lying Collective States 
Unlike the high-spin states discussed above, the low-lying levels studied in this work 
have a more complicated shell-model description. Collective excitations, in particular, 
involve many-particle, many-hole configurations. Many medium-to-heavy nuclei ex-
hibit relatively simple spectra at low excitation energy that can be roughly explained 
in terms of vibrations of a liquid drop or rotations of a deformed nuclear ground 
state [BM69]. These include strong 2+ states, suggesting that quadrupole excitations 
should play a significant role in the theory of collective bound states [Ar81]. 
14
°Ce is an especially interesting nucleus for collective transition studies for a 
number of reasons. First, it is spherical, with a relatively simple, well-understood 
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level structure [Pe87] (figure 1.1). Second, pairing is well-developed [Pu80] (unlike, 
for instance, the Pb isotopes), making it a good test point for pairing-based models 
like the Interacting Boson Approximation (IBA). Finally, it is near the region of 
the periodic table where ground-state deformation sets in (Sm) [P188], and can help 
elucidate the systematics of the transition from spherical-to-permanently-deformed. 
Sophisticated calculations based on the Quasi-Particle-Phonon ( QPM) and Finite 
Fermi System (FFS) models for the low-lying states (collective and non-collective) in 
14
°Ce have become available [Ki92] (see section 3.3). These will be compared with 
my experimental results. This comparison (section 5.2) has already been published 
[Ki92]. 
The strongest low-lying levels in 14°Ce were studied with low-q electron scattering 
by [Pi70]. A high-precision absolute elastic electron-scattering experiment at Saclay 
[Go86, Me87] provided cross sections for most of the inelastic transitions below 3 MeV. 
Because of the lower resolution of the Saclay data, some of the interesting levels (such 
as the 4+ at 2.084 MeV and the 6+ at 2.108 MeV) could not be resolved unambigu-
ously. Data from both of these experiments were included, when appropriate, in my 
analysis. 
1.3 Organizat ion 
Chapter 2 summarizes electron scattering formalism as it applies to this experiment. 
Chapter 3 discusses the theoretical background for the two aspects of this work and 
how this experiment relates to previous experiments. Chapter 4 describes the proce-
dures used to take and analyze the data. Chapter 5 presents my results , compares 
them with relevant theoretical calculations, and makes suggestions for further work. 
The normalized cross sections, the extracted transition charge densities, and brief 
descriptions of the major computer programs used for data reduction and analysis 
are in appendices. 
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Figure 1.1: Low-lying levels of 14°Ce. The scale along the right side is excitation 
energy in keV. Note that the distance between the ground state and the first excited 
state has been compressed. (Figure based on one in [Pe79], with updated information 
from [Pe87].) 
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2 ELECTRON SCATTERING 
Two features of electron scattering have made it a useful technique for studying the 
nucleus. First, the electromagnetic interaction is well understood through quantum 
electrodynamics, so information on nuclear structure can be separated in a straight-
forward way from the details of the scattering process. Second, electrons are capable 
of transferring a variable amount of momentum to the target nucleus for a fixed 
energy transfer. This feature permits the determination of spatial distributions of 
nuclear charge and current , even in the nuclear interior which electrons penetrate 
easily. The theory of electron scattering is well-developed, and can be found in nu-
merous references (e.g., (de66] and (Ub71]). The following overview is included to 
provide background for later chapters. 
2.1 Plane-Wave Born Approximation 
The essential features of electron scattering are most easily understood in the Plane-
Wave Born Approximation (PWBA). In PWBA, the interaction of the electron and 
the nucleus is modeled as the exchange of a single hard photon and the electron waves, 
both incoming and outgoing, are treated as plane waves. 
In PWBA, the electron scattering cross section is given by 
dO' 
dO ( ~~) (1-: sin2 (~))-l [E1Ff(q)j2 Matt N L~O 
+ G +tan' m) ~(IFf(q)l' + IFf(q)l'l] (2.1) 
where the Mott cross section, the cross section for the scattering of relativistic elec-
trons from a point charge, is 
( dO') (Za) 2 cos2 0/2 dO M att = 2E sin4 f) /2 (2.2) 
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The second term is the recoil correction. The sums are over the multipole compo-
nents of the given transition. Magnetic transitions (for which the change in parity 
is ~7r = -( -1)£) are entirely transverse. Electric transitions (~1r = ( -1)£) may be 
strongly longitudinal, strongly transverse, or mixed. 
The nuclear structure information is contained in the form factors - one each for 
longitudinal (charge), transverse electric, and transverse magnetic scattering. In the 
Born approximation, the form factors are related to the electron kinematics only 
through the momentum transfer q = 2E sin(() /2), and are the Hankel transforms of 
the charge, convection current, and magnetization current: 
Ff(q) 
Ff(q) = jf roo PL(r)i£(qr)r2dr 
Ji lo 
A 
Jf [ roo (L + 1 )1/2 JL,L-1 (r )i£-1 ( qr )r2dr 
Ji lo 
+ 100 L 1 / 2 JL,L+I(r)i£+I(qr)r2dr] 
Fr(q) = 1! roo JL,L(r)jL(qr)r2 dr 
Ji lo 
(2.3) 
(2.4) 
(2.5) 
Here J = 2J + 1, jL(x) is the spherical Bessel function of order L, and PL and JL,L' 
are the transition charge and current densities, respectively, for the transition. 
In PWBA, the longitudinal and transverse form factors can be separated using the 
Rosenbluth technique. In Rosenbluth separation, one measures the total cross section 
for different combinations of beam energy and scattering angle which correspond to 
the same momentum transfer q. As can be seen from equation 2.1, when the total 
response is plotted against (1/2 + tan2 (0/2)), the slope is the transverse response, 
and the y-axis intercept is the longitudinal response. 
In the case of elastic charge scattering from spin-0 nuclei, the charge density in 
equation 2.3 is the charge density of the nuclear ground state, and the transverse form 
factors are zero. For inelastic scattering the densities used are the transition charge 
and current densities, which can be written as reduced matrix elements of the nuclear 
charge and current operators between the initial and final nuclear states [He81]. 
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2.2 Distorted-Wave Born Approximation 
While PWBA is useful in discussing the essential features of electron scattering and 
for obtaining qualitative results, higher-order corrections must be taken into account 
in order to realize the full potential of the probe. The most significant correction 
arises from the distortion of the electron wave in the Coulomb field of the nucleus. 
For inelastic scattering one uses the the Distorted-Wave Born Approximation 
(DWBA). The DWBA uses electron wave functions which are solutions to the Dirac 
equation with the Coulomb potential for the nuclear ground-state charge distribution. 
The nuclear excitation is still treated as a one-photon exchange, but the interaction 
of the electron with the static field of the nucleus is treated exactly. 
The derivation of the DWBA cross section has been given many times (e.g., [Tu68] 
and [Le75]). It will be sufficient here to point out the essential differences with PWBA. 
In DWBA, a simple factorization into longitudinal and transverse components, such 
as that of equation 2.1, does not occur. This means that the form factor is not so 
simply related to the underlying densities. 
The attraction of the electron to the positively charged nucleus focuses the incom-
ing electron wave, effectively introducing a range of scattering angles. This fills in the 
diffraction minima in the cross section (which go to zero in PWBA). This attraction 
also shifts the diffraction pattern to more forward angles since the electron is acceler-
ated as it approaches the nucleus. (Another way to say this is that the wave number 
for the electron is not constant, as for plane waves, but ·is larger near the nucleus 
[Ra87].) The effective momentum transfer can be approximated (for spherical nuclei) 
as: 
where 
( 4 Za ) qeff = q 1 + 3 EiRrms ' 
Z is the nuclear charge number, 
a is the fine structure constant, 
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(2.6) 
Ei is the incident electron energy, and 
Rrms is the nuclear root mean square charge radius. 
2.3 Radiative Corrections 
Due to their low mass, electrons radiate some fraction of their energy while passing 
through matter [Be67, Ma69, Mo69]. The use of electrons to probe nuclei is compli-
cated by the need to fold into the analysis the probability that the electron has lost 
energy to such processes while traversing the target. The extraction of areas under 
peaks is complicated by the change in shape of a peak - elastic and bound-state peaks 
are turned from narrow spikes (whose width is primarily due to detector resolution) 
into broader peaks with long "radiative tails" extending toward greater energy-loss. 
The line shape and associated tail are primarily due to three processes: photon emis-
sion during the primary scattering, collisions with atomic electrons in the target , and 
bremsstrahlung from scattering from other nuclei. (See figure 2.1.) 
Losses during the electron's interaction with the primary nucleus were first cal-
culated by Schwinger [Sc48]. This "Schwinger correction" depends on the number of 
nuclei available to scatter from and is thus proportional to the target thickness . 
Interaction between the beam electrons and atomic electrons in the target pro-
duces "Landau straggling" [La44, He89]. Energy loss due to bremsstrahlung from 
scattering of the beam electrons from nuclei [Be34] other than the primary scatterer 
is often called "multiple scattering". Since these two processes are second order in 
the target thickness, they are called "t2 effects". 
2.4 Dispersion Effects 
Coulomb distortions and radiative corrections are called static effects, since the nu-
cleus is treated as a rigid system. Dispersive effects arise because the nucleus has 
internal degrees of freedom which can be excited during the scattering process. The 
primary interaction, whether elastic or inelastic, involves the exchange of more than 
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b) 
N* 
N 
c) 
Figure 2.1: Examples of radiative processes: a) photon emission during the primary 
scattering, b) collisions with atomic electrons in the target, and c) bremsstrahlung 
from scattering from other nuclei. 
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Figure 2.2: Example of a dispersive process in inelastic electron scattering. The final 
nuclear state N** is reached in a two-step process involving the exchange of two 
virtual photons. 
one virtual hard photon (figure 2.2). Since this process is energy-dependent it is re-
ferred to as dispersion, in analogy with the scattering of light. Surveys of the early 
theoretical work on dispersion effects are in [Ca72] and [Ca73]; more recent calcula-
tions and a summary of the experimental situation are discussed in [Li93]. 
The magnitude and characteristics of dispersive effects have been the subjects 
of theoretical study for some time. They are expected to contribute significantly 
to the observed cross section only in the diffraction minima [Ca73] of the static 
cross section, where the first-order Born approximation cross section goes through 
a zero and scattering is primarily due to the higher-order Coulomb corrections. Schiff 
[Sc55] pointed out that that the dispersive corrections are of order a, while Coulomb 
corrections in diffraction minima are of order aZ. Most early calculations (e.g., 
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[Sc55, Do56, Bo66, Fr74]) ignored Coulomb distortion of the electron when trying to 
estimate the magnitude of the effect. Coupled-channel calculations including both 
Coulomb distortion and dispersion have been performed for elastic scattering from 
Ca by Rawitscher [Ra66] and Mercer [Me77] and for inelastic scattering from heavier 
nuclei by Ravenhall and Mercer [Me74, Ra76]. For excited states to couple to, Raw-
itscher used a hypothetical o+ level, Mercer used a realistic low-lying 2+ level, and 
Ravenhall and Mercer used levels from the ground-state rotational band of the nuclei 
studied, 152•154Sm [Me74] and 165Ho [Ra76]. The use of as many levels as practical is 
preferred because there can be cancellations between the contributions from different 
levels [De70]. Rawitscher, Mercer, and Ravenhall and Mercer found dispersion effects 
to be 5% or less in the diffraction minima. Mercer and Ravenhall calculated disper-
sion effects to be less than 10% except at very forward or very backward scattering 
angles. 
A number of experiments using the new generation of electron scattering facili-
ties has searched for dispersion effects ([Li93] and references therein). Only two will 
be mentioned here. The electric monopole transition ots ----+ o- is forbidden in one-
photon exchange by the electromagnetic spin-parity selection rules; its identification 
would be a direct signature of two- step contributions in electron scattering. A Mainz-
NIKEF collaboration [Vo91] measured a cross section of "' 0.5 x 10-9mb/sr for the 
10.957 MeV o- transition in 160, in agreement with the second-order Born approx-
imation calculation of Borie and Dreschel [Bo71]. Comparing the results of electron 
and positron scattering is of interest because in the region outside the diffraction 
minima the leading term in the static scattering amplitude is proportional to charge 
of the scatterer while the dispersive amplitude is proportional to the square of the 
charge; the interference term between them will have a different sign for electron and 
positron scattering [Br91]. A search for this signature oscillation has been carried 
out [Li93] and found "no systematic deviations in the cross-section ratio from the 
theoretical predictions of a phase-shift calculation using a static charge density." 
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Because of the small size of dispersion effects, no attempt was made as part 
of this work to include them in the analysis. The high-spin results in section 5.1 
were at the first diffraction maximum, well away from the minima where dispersion 
effects are most significant. The data for low-lying transitions (section 5.2) taken 
near diffraction minima had statistical uncertainties comparable to or larger than 
the calculated effects mentioned above. Additionally, the realistic inelastic-scattering 
calculations cited above [Me74, Ra76] were performed for nuclei with strong, very 
low-lying levels; because of the energy denominators, dispersive effects would be even 
smaller in 14°Ce, in which the lowest levels are at higher excitation energies and more 
separated. 
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3 THEORETICAL BACKGROUND 
3.1 High-Spin States 
3 .1. 1 Mean Field Theory 
Mean-Field Theory (MFT) has been able to explain a wide range of nuclear phe-
nomena (Ne82, Ne85]. One challenge in its further development is understanding the 
interactions which must be included in a theory based on MFT. (The survey articles 
by N egele referred to above are the source of much of the following brief overview and 
are recommended reading for anyone interested in the topic. ) 
In MFT, one assumes that the dominant effect of other particles on a single part icle 
is to provide a smooth field in which the particle moves. This approximation is familiar 
from atomic and solid-state physics, but its success in describing a dense, strongly 
interacting system by a mean-field approach like the shell model was a surprise. One 
describes the low-energy dynamics of nuclei in terms of a phenomenological two-
body potential. Most of the two-body scattering processes that could destroy the 
simple shell model are prohibited by the Pauli exclusion principle - the final states 
are already occupied; only virtual excitations to high-energy unoccupied states are 
allowed. The net result is that the overall wave function looks much like that of non-
interacting particles in a one-body potential well. "Little holes" (Negele's phrase) in 
the potential can arise from the strong short-range force when two particles get very 
close and the Pauli principle allows the potential to induce two-body correlations. In 
recent years MFT has begun to provide quantitative descriptions of nuclear structure 
and dynamics, from ground-state deformations to energy dissipation in heavy-ion 
collisions to the transition from plasma to nuclear matter in collapsing stars. 
One mean-field-based theory, the Extreme Single-Particle Model (ESPM) has been 
quite successful (Ma55]. In ESPM one ignores the two-body correlations and "holes" 
in the average potential; this results in shells broken into energy levels by spin-orbit 
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splitting similar in spirit to that seen in atoms. (See figure 3.1.) There are separate 
sets of levels for protons and neutrons. A primary difficulty in studying the limits of 
ESPM has been that there are a number of particle-hole combinations contributing 
for most accessible transitions. Calculations to sort out the various contributions 
add model dependence. Therefore, the study of stretched-configuration states, which 
are relatively pure (see below), shell-model, single-particle transitions , is expected to 
illuminate the residual interactions in ESPM. 
Stretched-configuration high-spin states (those for which the multipolarity is the 
maximum available for the orbital and spin angular momenta involved) are good 
candidates for study (see [Li84] and references therein). Figure 3.1 indicates two high-
spin transitions, v(h~1112 , i 13j 2)12-; and v(h~l12 , h9J2)10+. (The 10- transition shown 
is not a true stretched-configuration high-spin state since its multipolarity is not the 
maximum for the given levels, but it is expected to have many of the characteristics 
listed below for stretched-configuration transitions.) The number of single-particle 
transitions for any given large J is small; in many cases only one nucleon spin matrix 
element is expected to contribute to the electromagnetic cross section. Coupling to 
two-particle-two-hole excitations should be small and only reduce, but not distort , 
the form factor [Kr80]. At high momentum transfer, where higher multipolarities 
have their first maxima, N- ~contamination is expected to be small and two-body 
meson-exchange currents are small and calculable. Since the subnucleonic effects are 
expected to be weak, attention can be focussed on the nucleon-nucleon correlations. 
3 .1.2 Quenching and Fragmentation 
Many elastic and inelastic scattering data show a reduction of strength relative to 
the predictions of the ESPM and a fragmentation of single peaks into many smaller 
excitations [Li84, Pa86, Pa87]. The quenching has been attributed to partial occu-
pancy of shell-model levels [PPW84], and the fragmentation of compact strength to 
coupling of the single-particle excitation to other degrees of freedom in the nucleus 
[Kr80]. 
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Figure 3.1: Shell Model levels for 14°Ce [Ma55]. The indicated transitions are the 
stretched-configuration transitions discussed in the text. 
These two effects are shown clearly in the lead isotopes ([Pa81] and figure 3.2). The 
high-spin transitions in 208Pb, while strong and well-defined, are quenched to f',J 0.6 
of their expected single-particle strength. Further, as the neutron shell opens, the 
compact strength observed in 208Pb breaks into multiple peaks for each multipolarity 
(fragmentation). 
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Figure 3.2: Excitation energy regwn of the Pb isotopes 
where the stretched-configuration transitions are observed. The compact strength 
observed in the doubly magic 208Pb is quenched to typically rv 0.6 of that expected 
from ESPM calculations. The successive removal of neutrons from the 208Pb core 
results in fractionation of the high-spin states [Pa81]. (Figure from [Pa86].) 
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Figure 3.3: The observed strength of stretched-configuration transitions is invariably 
quenched throughout the periodic table. This experiment fills in the gap between Zr 
and Pb. (Figure taken from (Pa86]; the values are tabulated in (Li84].) 
The strengths of stretched-configuration transitions have been measured (Li84] 
throughout the periodic table (see figure 3.3). It is generally the case that mean 
field theory predicts the excitation energy and the q-dependence of the form factor 
correctly but invariably it overestimates the strength. It is evident that quenching 
factors vary widely throughout the periodic table (0.2-0.6), but the observed strength 
never comes close to the mean field result. 
Quantitatively, quenching is explained (PPW84] in terms of ground state occupa-
tion probabilities for the particle state, n(p), and hole state n( h). The form factor 
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that characterizes a transition between initial state li) and final state If) can be 
separated into two parts: 
(3.1) 
Fsp ( q) is the single particle form factor and will have the identical q-dependence 
as that predicted by an independent particle model. Its amplitude will be different 
from that of the MFT since the occupation probabilities will reduce the probability of 
finding the particle in the particle orbit and will block the transition by the the partial 
occupation of the hole. The amplitude Q is independent of momentum transfer and 
solely a function of the occupation numbers. In heavy nuclei (in the limit of A ---+ oo) 
the quenching factor Q is given by 
Q ~ n(p)[1- n(h)] (3.2) 
In the limit where MFT accurately describes reality, n(p) = 1 and n( h) = 0 [Pa86]. 
The background response H9 (q) is a consequence of correlations [Pa86]. Corre-
lations create complicated multiparticle-multihole configurations which cause partial 
occupancy and quenching. Scattering from these complicated multiparticle-multihole 
configurations leads to a response Fb9 ( q) entirely different from Fsp( q). Because the 
multiparticle-multihole state is quite complicated, no characteristic signature in mo-
mentum space should be observed. In heavy nuclei such as 14°Ce, the background 
form factor is expected to be featureless and peaked at low momentum transfer 
[Kr80, Pa86]. At high momentum transfer, then, we should measure essentially QFsp· 
This assumption underlies the analysis of the high-spin data. 
Calculations of the occupation probabilities (and, therefore, the quenching factor) 
for large nuclei have been performed ([PPW84] and references therein). The resulting 
occupation numbers for 208Pb are shown in figure 3.4. While most of the calculated 
effect is due to mechanisms already at work in nuclear matter (dashed curves), surface 
vibrations contribute substantially to the depletion of the valence orbitals. 
In this estimate, the surface orbitals are characterized by occupations of n(p) rv 0.65 
and n( h) rv 0.08 for states lying immediately below and above the Fermi sea. Ac-
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Figure 3.4: Occupation numbers for 208Pb derived in [PPW84]. The double dashed 
line at n( e) = 1 is the MFT assumption. The long dash and short dash curves 
respectively give the nuclear matter results obtained by including the short-range 
and short- and long-range correlations. The full curve includes surface vibrations 
calculated in RPA by Gogny's group [De83]. (Figure from [Fr87]). 
cording to equation 3.2, this will yield a quenching of the associated single particle 
transitions of Q "' 0.6, in reasonable agreement with the data (figure 3.3). 
3.1.3 High-Spin States in 14°Ce 
With the exception of the lead region, which has been explored carefully [Li79, Li80, 
Pa81, Co92], the search for stretched-configurations has been carried out mainly in 
light and medium-heavy (A< 90) nuclei. 14°Ce is a particularly interesting nucleus, 
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because it has a closed neutron shell (N = 82), and therefore offers neutron transitions 
similar to the proton shell of 208Pb. 
Figure 3.1 shows the Independent Particle Model levels for 14°Ce. In the Indepen-
dent Particle Model, the orbitals fill in order, the more tightly-bound first , and the 
ground-state occupation has a sharp cut-off. (Violation of this rule was discussed in 
the previous section.) 14°Ce has a closed neutron shell and a closed proton sub-shell. 
On the basis of the extreme single particle model (ESPM), there are two stretched 
configurations which should give rise to transitions in the 6-8 MeV excitation region of 
14
°Ce: v( h;1112 , i 13J2 ) 12-, 10-; and v( h;1112 , h9J2) 10+. (The 10- is not a true stretched 
configuration, since the angular momentum is not the maximum possible, but it 
should have two of the important characteristics - simple microscopic structure and 
little distortion of the form-factor from coupling to two-particle-two-hole excitations.) 
3.2 Low-Lying Excitations 
In addition to the high-spin states discussed above, we also studied many of the low-
lying levels of 14°Ce in this work; these states have a more complicated shell-model 
description. In particular, many of these are collective transitions and are viewed as 
the coherent superposition of many-particle-many-hole excitations [BM75]. 
Nuclei in the mass region N=82 near the closed proton subshell Z=58 provide at-
tractive cases for study of certain aspects of nuclear structure by electron scattering. 
Because of the neutron shell closure, they are amenable to shell- model calculations 
where the neutron degrees of freedom are treated only indirectly. Excitations pri-
marily involve a relatively small number of protons. The lack of significant neutron 
contribution in the excitation of these states implies that the electromagnetic transi-
tion densities determined in an electron scattering experiment contain all the essen-
tial structure information. The odd-even nuclei in this region exhibit single-particle 
characteristics, while the even-even nuclei in the region show strong collectivity and 
pairing effects [Ki92]. 
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High-resolution inelastic electron scattering now makes possible the mapping of 
transition charge densities - the common ground between electron scattering and the 
microscopic theories now becoming available. 
3.3 Theoretical Descriptions of Low-Lying Nuclear Excita-
tions 
This section briefly outlines the two new microscopic models used here for interpreting 
the experimental data, the Quasiparticle-Phonon Model ( QPM) and self-consistent 
Finite Fermi System (FFS) theory. The self-consistent FFS theory employs a new 
density functional form in which both the quasiparticle basis and the effective in-
teraction are constructed with a single fixed set of parameters for different nuclei. 
However, this theory in its present realization does not treat in detail the interplay 
between different modes of excitation. This interplay is taken into account within 
the QPM, a phenomenological approach in which the quasiparticle basis is obtained 
from a Woods-Saxon average field and a schematic form of the residual interaction is 
employed with its parameters adjusted to the experimental data for each nucleus. 
The section ends with an introduction to the Interacting Boson Approximation. 
3.3.1 Quasiparticle-Phonon Model 
In the quasiparticle phonon model, the excited states in even-even nuclei are viewed as 
a combination of one-, two- , ... , n- phonon configurations built on the wave function 
of the ground state W g.s. which is treated as a phonon vacuum. In the calculations 
shown in Section 5.2, up to three-phonon configurations are included. Thus, the vth 
wave function of the state with angular momentum J and projection M has the form 
Wv(J M) = { ~ Ri(Jv)QJMi + LLL
1
•
1 
PJ;/ (Jv)[Qt~i Qt,1t'i']JM 
' ' ' 
(3.3) 
'""' '""' J
1
L"i" )[[ + + ] + ] } + L....t L....t TLiL 1i1 (Jv QL~iQL'~1i 1 J'M1 QL"~"i" JM + · · · Wg.s. 
LiL'i1 J1 L"i" 
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with the definition 
[Qtl-'iQt,J.t'i']JM = E(LJ-LL' Jl,' I J M)Qtl-'iQt,J.t'i' (3.4) 
1-'1-'' 
where QL~-ti is the phonon creation operator with the momentum L, projection J-l and 
the RPA root number i. Phonons are constructed as a linear combination of pairs 
of quasiparticle creation ajm and annihilation ajm operators with the shell quantum 
numbers jm -1 n, l,j, m): 
QL~-ti = ~ ~ { 1/Jti,[ajmaj;m,]L~-t + ( -l)L-~-t</>yj,[ajmaj'm']L-~-t} (3.5) 
JJ 
After diagonalization of the Hamiltonian on the basis of the wave function ( equa-
tion 3.3), the set of equations for eigenvalues is obtained. Solving these equations 
gives the spectrum of excited states and contribution of different configurations (i.e. 
coefficients Ri ( J 11), PJ;;i' ( J 11), and Tf:t:;i" ( J 11)) to the structure of each state. The 
detailed description can be found in [Sa89] and [Ki91]. 
3.3.2 Self-Consistent Finite Fermi System Theory 
In a related study [Ki91] the transition charge densities of one-phonon states in 
142Ce were calculated using a simplified version of the FFS theory. In that paper the 
single-particle basis in the Woods-Saxon potential and density-dependent effective 
interaction were used when solving QRPA-type equations in the coordinate represen-
tation. Unlike the QPM, these calculations were characterized by the completeness 
of the particle-hole basis and a more realistic effective interaction. 
The FFS calculations shown in Section 5.2 use a new version of the FFS theory 
which allows both ground and excited states to be described self-consistently [Ki92]. 
This version uses a density functional approach in the form close to that suggested 
in [Sm88]. The corresponding energy density is represented as a sum of four terms 
(omitting for simplicity the usual kinetic energy term with bare nucleon mass): 
c = C:int + C:coul + C:sl + C:pair , (3.6) 
22 
where 
(3.7) 
Here X± = (Pn ± pp)j2p0 , Pn(p) is the neutron(proton) density, 2p0 is the equilibrium 
nuclear matter density (N = Z) , and €~ is the nuclear matter Fermi energy. The first 
and second terms of C:int are the contributions of the volume isoscalar and isovector 
interaction energy and last two terms are generated by the surface finite-range density-
dependent forces. 
The energy density of the Coulomb interaction c c ov.l is taken in usual form includ-
ing an exchange part in the Slater approximation. The term C:s/ comes from spin-orbit 
and velocity spin-dependent interactions. The term C:pair is the pairing energy density 
generated by simple 8-function effective particle-particle forces. 
Parameters of the density functional (a±, a±, hf.2±, h±, etc. ) were chosen by 
fitting binding energies, charge distributions, and single-particle spectra for a number 
of nuclei, both magic (4°Ca, 48Ca, 208Pb) and non-magic (90Zr, 146Gd, tin and lead 
even-even isotopes). The results of these calculations are to be be published elsewhere 
[Fa92]. 
The self-consistent quasiparticle basis and effective interactions obtained with 
this functional are used when solving FFS equations for one-phonon excitations in 
mixed (r, .\)-representation, fully taking into account the particle- hole continuum as 
in [Ki91] and [Pl88]. 
3.3.3 Interacting Boson Approximation 
Many medium-to-heavy nuclei exhibit relatively simple spectra at low excitation en-
ergy. These spectra include strong 2+ states, suggesting that quadrupole elements 
should play a significant role in a theory of collective states. One model which has 
had success in explaining and predicting results of spectroscopy on medium-to-heavy 
nuclei is the Interacting Boson Approximation (IBA) [Ar81]. It models nuclear exci-
tations as a system of N bosons, each able to occupy one of two levels - J =0 and J =2 
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(called s and d bosons, respectively) . The microscopic interpretation of these bosons 
as fermion pairs, specifically, valence proton and neutron particles or holes, [Ot78] 
opened the way to a connection between the IBA and the spherical shell model. It can 
be viewed as a truncation scheme in the shell model - one includes in calculations 
only those pairs of valence particles (holes) which couple to J =0 or 2. 
The original IBA (now referred to as IBA-1) did not distinguish between protons 
and neutrons. In a newer variant, IBA-2 [Ot78], one considers both proton pairs and 
neutron pairs, which are otherwise handled similarly. 
Quadrupole deformations of nuclei had been studied by Bohr and Mottleson 
[Bo53]. The connection between the shape variables of Bohr and Mottleson and 
the s and d bosons of the IBA was worked out by a number of investigators (see 
[Gi81] and references therein). Similarities between the selection of fermion pairs in 
the IBA and the Generalized Seniority scheme of Racah were first explored by Talmi 
[Ta71]. 
The basic IBA-2 Hamiltonian can be written 
(3.8) 
where 
€ is the energy splitting between s and d bosons, 
n is the number of proton (neutron) d bosons, and 
Q * Q is the quadrupole-quadrupole interaction, where 
(3.9) 
where x is 1r for protons or v for neutrons, and at and s t ( d and s) are the creation 
(annihilation) operators for d and s bosons. The superscript (2) means that the 
bosons are coupled to L = 2. t:, K, x1r, and Xv can be fit empirically or calculated from 
microscopic theory [Ia79]. 
From this Hamiltonian, one derives an E2 transition operator for the mth E2 state: 
(3.10) 
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IBA postulates that differences in nuclei des are due to different numbers of bosons, not 
the forms of the operators. Therefore, a 2 and {32 should be applicable over a range of 
nuclei, and so they are called the "fundamental boson densities." In principle one can 
calculate them from microscopic theory; in practice it is more common to calculate 
the coefficients on a 2 and {32 and fit the boson densities from empirical data [Ia79). 
The transition charge density for excitation from the ground state to the ith excited 
state is: 
Pi(r) = Aa(r) + Bif3(r ) (3.11) 
where Ai and Bi are reduced matrix elements and the subscripts on a and (3 have 
been dropped. Since a(r) and (J(r) must describe all E2 transitions in the domain 
of applicability of this theory, all the differences between E2 transitions must be due 
to the coefficients Ai and Bi; therefore all E2 t ransition charge densities for a given 
nucleus are linearly dependent. Measurement of deviations from linear dependence 
may give clues to the nature of residual interaction terms not included in the basic 
Hamiltonian (equation 3.8). Two sources of corruption are states not included in 
the IBA truncation scheme and "g" bosons (J=4) which are included in some recent 
extensions of IBA. 
For most nuclei to which the IBA-2 is applied, the Hamiltonian (equation 3.8) 
IS dominated by the quadrupole-quadrupole term. When the proton (or neutron) 
valence shell is closed, as in 14°Ce, there are no valence protons (or neutrons) and the 
quadrupole-quadrupole term (equation 3.9) in the Hamiltonian is zero. The resid-
ual interactions should not be expected to yield such a simple relationship between 
transition charge densities. 
Previous studies of the IBA using inelastic electron scattering have primarily been 
comparison of calculations with empirical spectroscopic data (level energies and tran-
sition strengths). Moinester, et al., [Mo82) found good agreement between IBA-1 
calculations and data for the Sm isotopes. Puddu, et aL, [Pu80), and Van lsacher 
and Puddu [va80) used IBA-2 for calculations for many isotopes of each of a number 
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of nuclei, with good agreement with available data. 
With the advent of high resolution electron scattering, it is now possible to map 
out transition charge densities and investigate the IBA prediction of linear depen-
dence. van der Laan, et al., [va85] used transition densities for the first two 2+ states 
in 110Pd and calculated Ai and Bi to calculate the form factor for the third 2+ state, 
which had acceptable agreement with the measured form factor over the limited data 
( q-values) available. Hersman, et al., [He82, He86b] looked at the low-level rotational 
excitations in 154Gd but did not find satisfactory agreement in the 2+ transition 
charge densities. Meot [Me87] found good agreement between IBA calculations and 
the properties of the first 2+ states in a number of Cerium and Samarium isotopes, 
but not for the higher-excitation 2+ levels. 
Theoretical IBA calculations for 14°Ce and 142Ce are under way [Go86], using the 
first 2+ from 14°Ce (for the proton bosons) and the low-lying 2+ levels in 142Ce (where 
there are valence bosons for both protons and neutrons). 
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4 EXPERIMENTAL PROCEDURE 
4.1 Bates Electron Scattering Facility 
The data for this study were taken over a period of 27 months at the MIT Bates 
Linear accelerator center using the 900 MeV/ c Energy Loss Spectrometer System 
(ELSSY) (figure 4.1). Electron beam energies ranged from 100 MeV to 366 MeV and 
scattering angles from 40° to 155°. The 14°Ce foils used ranged in thickness from 
4.4 to 28.5 mg/cm2, and were isotopically enriched to 99.7% purity. Average beam 
currents varied from 15-35 pA. Beam pulse widths were typically about 10 psec with 
pulse repetition rates of a few hundred per second. 
The beam switchyard [Ko67] and spectrometer [Be79] (figure 4.2) provide a dis-
persion matching ("Energy Loss") mode which allows nearly the full current intensity 
of the accelerator to be used and provides high resolution. Sophisticated focal plane 
instrumentation [Be77, He82] exploits this potential. As part of this experiment , ef-
fort was devoted to a continuing program of energy resolution enhancement, primarily 
through studies of beam tuning systematics and data acquisition software refinement. 
This program resulted in attaining maximum resolutions of ~p/p=4 x 1o-s and rou-
tinely gave 6 x 1 o-s. These were crucial to the success of this experiment. A thorough 
analysis of all factors affecting resolution of the ELSSY system is contained in [He82]. 
The associated electronics and diagnostic information are well described in [Mi87]. 
The signals from the focal plane detectors went to the experiment control area in 
the Research Building (figure 4.1). The data acquisition electronics were CAMAC-
based and used a Multi-Branch Driver (MBD) to interface to a PDP-11/45 computer 
(figure 4.3). Extensive on-line processing was performed on each event to derive spec-
tra and provide diagnostic information. The diagnostic information included counts 
of "defective" events (e.g., events with incomplete or inconsistent TDC information) . 
The spectra and diagnostics were available on-line for preliminary analysis and prob-
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Figure 4.1: Bates experimental area. The accelerator control and experiment con-
trol/ data electronics areas are in the office building to the upper right. Figure from 
(Mi87], with new labels. 
lem diagnosis. After a pre-set amount of charge from the beam, typically at half- to 
two-hour intervals, the data were written to disk files, most of the spectra and scalars 
were reset, and data collection was restarted. The experiment control area also had 
controls for changing targets, the spectrometer solid angle, the target angle, and the 
spectrometer field. 
A reduced spectrum with interesting peaks labeled is shown in figure 4.4. 
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Figure 4.2: Energy Loss Spectrometer System cut-away view. The spectrometer 
magnets and focal plane detectors are supported by a carriage which rides on rails 
around a semi-circular concrete pit. Figure from [Be79], with new labels. 
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Figure 4.3: Delay line and focal plane readout electronics. Figure from [Be77], with 
new labels. 
4.2 Data Reduction 
To establish the beam energy and spectrum energy scale, positions of peaks with 
known excitation energies (including peaks due to impurities and the BeO target 
which could be placed in the beam in place of the 14°Ce target) were fitted with 
a quadratic energy scale by the program FPCAL. (Brief descriptions of the main 
computer codes used in this experiment are presented in Appendix B.) 
The momentum for a given channel is given by: 
p =Po [1. + (x/x s)(l.- t:x/xs)] , ( 4.1) 
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Figure 4.4: Typical Spectrum and line-shape fit of 190-Me V electrons scattered from 
14°Ce at 45°. The impurity elastic peaks and the inelastic levels studied in this work 
are indicated. See the text for a description of how the individual peak line shapes are 
calculated. This figure is pedagogical only; it was produced using a different fitting 
code than I used and long after my curve-fitting was complete. Figure from [Ki92). 
where the parameters are defined as follows: 
p0 momentum of central ray of the spectrometer 
x distance along the focal plane measured from the 
intersection of the central ray with the focal plane 
(positive in the high-momentum direction) 
p momentum associated with x 
xs first-order dispersion 
E second-order dispersion 
The central momentum, p0 , is related to the magnetic field by 
Po= B b + a(B- 3.0102)/3.0102] (4.2) 
where 
1 first order magnet constant (MeV /kG) 
a second order magnet constant (1/kG) 
B spectrometer field (kG) 
In terms of the physical array, 
where 
x = d(1536- j)- (z- f)/1000, ( 4.3) 
d channel width (inches) - presently 1/128 
J channel number- channel1 is at the high-momentum end of the array; 
channel 3072 is at the low-momentum end. 
z distance (mils) from intersection of the central ray with the focal plane 
to the central wire of chamber- positive if the intersection is on the 
high-momentum side of channel1536. 
f arbitrary focal plane reference position -presently !=1500. 
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As the second-order coefficients are primarily due to the spectrometer geometry, they 
were left at their standard values and only the beam energy, the first order dispersion 
coefficient , and the focal plane "zero" location were varied in fits to the positions of 
elastic and inelastic peaks in spectra taken with 14°Ce and BeO targets. This process 
determined the beam energy to a few parts in 103 . The coefficients for the quadratic 
energy scale were included as inputs to the binsort program (see below) which com-
bined different fine spectra from runs with the same conditions. (The fine spectrum is 
the high-resolution spectrum from a single charge collection cycle. The 3072 channels 
subtend the 6% momentum acceptance of the Energy Loss spectrometer so, to first 
order, each channel has a width of 2 * 10-5 of the incident beam energy.) At the 
lowest beam energy (100 MeV), the FPCAL program did not provide an acceptable 
match to the known excitation energies , so the first-order dispersion coefficient was 
fit to the peak positions by manual iteration to provide an acceptable value. 
The fine spectra for each setting of beam energy and scattering angle were com-
bined and rebinned with the binsort code SORT85. The focal plane calibration pa-
rameters provided by FPCAL were used to linearize the energy scale. The momentum 
range per channel was standardized at either 5 keY or 10 keY /channel. Spectra were 
shifted as necessary to account for changes in the spectrometer magnetic field , scaled 
for the beam charge for each spectrum, and corrected for dead-time losses in the 
counting system. The relative channel-to-channel efficiencies were assumed to be 
one (except at the ends of the VDCs, [He82]). The binsorted spectra were used for 
cross-section extraction. 
The sorted spectrum was fit to extract cross sections using the code CFIT [Pa79]. 
For each peak in the spectrum, the theoretical radiative tail shape (see section 2.3) for 
a monoenergetic electron beam calculated by the code RATAIL was convoluted with 
an empirical resolution function representing the energy profile of the incident beam 
and the system resolution. This empirical function was taken to be an asymmetric 
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gaussian of the following form: 
where 
[ (xjw)
2 l f(x) "'A(l + xjw)exp - {1 + O.l(lxl/w)}(l ± a)2 
A amplitude, 
w width due to instrumental resolution, 
a asymmetry: +for x 2: 0, -for x < 0. 
(4.4) 
by the non-linear least-squares code CFIT. Fitting was done in a series of overlap-
ping windows whose widths depended on the number of peaks, the number of free 
parameters in the fit, and the statistical uncertainties in the data. 
Each fitted spectrum (figure 4.5) was a sum of such peaks, one for each peak 
(elastic or inelastic) in the window, on top of a smooth background. For windows 
including the elastic peak, the "background" was the (small) random background 
in the focal plane detectors. For windows which did not include the elastic peak, 
the "background" was the sum of the random background, all the radiative tails 
from peaks at lower excitation energy, and (above nucleon emission threshold) the 
continuum. Modifications were made to CFIT to enable it to handle peaks of different 
widths. (Peaks in a single spectrum can have different widths because the resolution 
varies over the focal plane, because of kinematic broadening for peaks from different 
nuclei, or, above particle emission threshold, because of the actual width of the state.) 
Peaks in low-statistics spectra were corrected for underfitting due to the use of chi-
squared minimization to fit data more accurately described by a Poisson distribution 
[Pa79). After a first fit was obtained in the usual fashi~n, the errors of the data 
points were replaced by the square root of the fitted value. A new fit was calculated 
using the same data and the new pseudo-errors and the whole procedure was repeated 
until the sequence of fits converged. The quadratic background parameters were fit or 
manually set for both goodness of fit for the window and consistency with neighboring 
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Figure 4.5: Sample curve fit window for the excitation energy region 1.3 MeV to 
2.4 MeV. For this particular fit, a quadratic "background" was used to account for 
the radiative tail from the elastic peak. 
windows. In most cases, a range of reasonable values for the background was used as 
a check of systematic error. 
The cross-sections for each inelastic peak were normalized as follows. Analysis of 
data from a high-precision absolute elastic electron scattering experiment on 14°Ce 
done at Saclay, France [Go86], determined the ground-state charge density for 14°Ce. 
Theoretical elastic cross-sections for .my experiment runs were calculated by using 
this density in the phase shift code RAVPRO [Ye54, Ra64]. All cross-sections for 
each spectrum were multiplied by the ratio of theoretical elastic cross section to 
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experimental elastic cross section: 
d da elastic,calc d Uinelastic,nonn = d X Uinelastic,exp 
(]" elastic,exp 
(4.5) 
Because of its low statistics the 230 MeV, 150°, spectrum was normalized dif-
ferently. The 230Me V, 50° , run was performed in the standard manner and then 
the spectrometer angle was changed to 150°, the target angle was changed to 75° 
(to retain transmission geometry), and the runs proceeded. The calibrations and 
normalizations determined for the 50° run were used for both runs. 
The Fourier-Bessel coefficients describing the ground state charge density used to 
calculate daelastic,calc are listed in Appendix A; the normalized cross-sections extracted 
for this experiment are listed in Appendix C. 
4.3 DWBA Analysis 
For the low-lying states of interest , DWBA analysis was performed to extract the 
transition charge density. The transition charge density was parameterized by a 
Fourier-Bessel expansion, the cross sections resulting from that transition density 
were calculated in DWBA, and the deviations of the calculated cross sections from 
my experimental cross sections were used to calculate the changes in the transition 
density in a non-linear least-squares fit [Be69]. The code FOUBESFIT [He83], a 
descendant of HEINEL [He81], was used to perform the folding over solid angle, the 
recalculation of cross-sections to the same beam energy, and the fitting of a Fourier-
Bessel parameterized transition charge density to the data. 
The transition charge densities were expanded in a Fourier-Bessel series in the 
convention of Heisenberg [He81]: 
(4.6) 
where q~ is the vth zero of jL(qvR) and R is the fitting radius. 
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• 
Cutoff radii, R, of 8 fm, 9 fm, 10 fm, 11 fm, and 12 fm were tried. 10 fm was 
found to provide the best balance between having an adequate number of coefficients 
to describe the density (i.e. , minimizing "completeness error") and the statistical error 
for each coefficient [Fr75, Bo73] and was used for the fits presented in Chapter 5. The 
fitted Fourier-Bessel coefficients are listed in Appendix A .. 
Each coefficient Cv is determined primarily by the value of the form factor around 
qeff = q11 [Dr74]. (In the limit where PWBA describes reality, data taken at just each 
q = q11 would completely determine each coefficient and, thus , the density; DWBA 
introduces correlations between the coefficients [He83]. ) Since the highest qef 1 in 
this experiment, 2.5 fm- 1 , corresponded to at most eight coefficients when R=10 fm, 
pseudodata was sometimes added at higher q to discourage fits with unphysical high-
q behavior. Two conventions for pseudodata were tried - that of [Bo73, Dr74] in 
which the pseudo-datapoint has a value of zero and that of [Ca72, Ca78] in which the 
pseudo-datapoint has a non-zero value determined by the form-factor curve at lower 
q. In the tests I ran comparing the two types of pseudodata, the differences in the 
resulting fitted transition densities and x2 were small. Pseudodata turned out to be 
most useful in the early fits to a level, when the initial values of the parameters were 
less likely to be close to the final ones. 
Another option in FOUBES was the inclusion of a "tail weighting" function, which 
compared the exponential tail generated with the fitted transition charge parameters 
against a decaying exponential curve calculated from user-supplied starting radius and 
decay constant [He81]. The difference between the fitted tail and the specified one 
was included in the error which was given to the fitting routine. Since the transition 
density is expected to go exponentially to zero outside the nucleus, this added little 
model dependence and it improved convergence in some of the fits. 
The cross-section for plotting DWBA form factors for experimental points have 
been transformed to a single beam energy, E', by 
da(E', 0') I 
dO. plot 
( ) 
I 
da(E' ,11') I da E, 0 dn calc 
dO. X da(E,B) I 
exp dn calc 
(4.7) 
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where()' is chosen so that qeff(E', ()') = qeff(E, 0) [He83]. The calculated cross-sections 
used for this transformation were first derived from the initial densities for the fit, but 
are re-calculated as the fitting procedure progresses. This normalization is performed 
for two reasons: to reduce the calculation of electron waves required for each iteration 
of the fit, and to simplify the presentation of the results. 
To calculate the expected single-particle strength and the quenching factor for 
the M12 state (section 5.1), a transition current density was calculated using the 
Woods-Saxon code ABAMAG. This density was then used in FOUBES to calculate 
the theoretical cross-sections and a form-factor curve (see figure 5-2). These were 
adjusted by a multiplicative constant for best fit (minimum x2 ) to the data. MlO 
and ElO form-factors were also calculated for comparison. 
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5 RESULTS AND DISCUSSION 
5.1 Search for High-Spin States 
For reasons outlined in Chapter 3, the identification of high-spin stretched states in 
14
°Ce was a prime goal of this experiment. Following the procedure established in 
the studies of the high-spin states in 208Pb [Li79, Li80], three criteria were used to 
identify a high-spin state: 
1. The q-dependence of the form factor must match the 1 p-1h prediction of MFT. 
(The 2p-2h correlations are expected to reduce, but not distort the form factor.) 
2. The observed excitation energy of the state must agree with the calculated 
single-particle energy levels. (There is no mixing of different transitions of the 
same multi polarity.) 
3. The transition must be of transverse character, as determined by the angular 
distribution. (Transition currents play a major role in these states, even for 
natural parity (electric) transitions [He83].) 
Figure 5.1 shows the excitation region from 5.8 to 7.3 MeV for one of the two 
backward angle spectra. (Backward-angle scattering enhances transverse excitation 
cross-sections through the t + tan2 ( () /2) factor; see equation 2.1.) Contrary to the 
expectations of the simple shell model, there are no strong peaks in this region. The 
dashed curve at 6.31 MeV has the cross-section calculated for the M12 peak with full 
single-particle strength expected at that energy on the basis of Mean-Field Theory. 
The peak seen at this energy has a very much lower cross-section. 
Figure 5.2 shows the cross-sections extracted for the observed 6.31 MeV state 
plotted as a function of effective momentum transfer. The data have been divided 
by uM[t + tan2 (0 /2)] to correspond to Plane Wave Born Approximation 1Fr(q)J2 (see 
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Figure 5.1: The 5.S to 7.3 MeV excitation energy region of the 230 MeV, 150° spec-
trum. The dashed curve shows the expected height and shape of an M12 peak with 
full single-particle strength at an excitation energy of 6.31 MeV. Figure from [MiSS]. 
equation 2.1). It can be seen that both the forward scattering and backward scattering 
angle data lie on a smooth curve - a manifestation of the transverse character of the 
transition. The curves were derived from DWBA calculations that employed Woods-
Saxon wavefunctions (W-S parameters: r=l.25A113 , c=0.65; and binding energies 
from Bohr and Mottelson [BM69]) for both the 12- and 10- stretched configura-
tion v(h~1112 , i 13; 2) excitations. Each curve was adjusted by an overall normalization 
constant for minimum x2 • 
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cross sections for the candidate M12 transition. The curves are DWBA calculations 
for the configuration v(h]}12 , i 13; 2) for M12 (right) and M10 (left) using Woods-Saxon 
wave functions (see text). Figure from [MiSS]. 
The form factor for the 10+ transition from the configuration v(h]}12 , h9; 2) was 
calculated, also. It peaks around 2.0 fm-I, between the magnetic transitions. Of the 
three possible high-spin transitions, 12- is clearly preferred. 
To extract the quenching factor Q2 (equation 3.1), the calculated form factor 
curve was shifted by a multiplicative constant to minimize the total x2 with the data. 
The uncertainty in the quenching factor was obtained by shifting the calculated form 
factor until the total x2 increased by one (figure 5.3). That shift was taken as the 
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Figure 5.3: Total x2 for the fit of calculated form factor curve to the experimental 
reduced cross-sections as a function of multiplicative factor. The vertical lines are at 
the minimum x2 and at a value of the multiplicative factor which increases x2 by one. 
uncertainty in Q2 • 
The strength observed for the 6.31 level is only 8.4 ± 0.8 % of that expected 
for the M12 stretched state in the ESPM. We believe this modest strength is due 
to the same quenching and fragmentation mechanisms observed in 206Pb and 204Pb 
[PPW84, Pa86]. This excitation energy region in 14°Ce (figure 5.1) resembles the 
singly-dosed shell nuclei, 206Pb and 204Pb, more closely than it resembles the doubly-
closed nucleus 208Pb, where the high-spin states are quenched to approximately 0.6 
of the single-particle strength but no. fragmentation is observed. 
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The strengths of stretched-configuration transitions have been measured through-
out the periodic table [Li84] (figure 3.2). This experiment fills in the gap between Zr 
and Pb. The measured quenching factor of 0.08 for our 6.31 MeV, M12, candidate is 
smaller than the quenching factors of other stret ched-configuration transitions , sug-
gesting strong fragmentation. Despite the extraordinary resolution achieved, we were 
not able to identify unambiguously other M12 peaks or the expected M10 and E10 
peaks. The level density in this excitation energy region is very high, so the location 
of the M10, ElO, and remaining M12 strength will require further improvements, 
including higher resolution and better statistical accuracy. 
This experiment supports the conclusion of the Pb studies [Pa81] that stretched-
configuration states are free of fragmentation only in doubly-closed shell nuclei. We 
believe this fragmentation is caused by pairing and/or coupling between the neutron 
and proton degrees of freedom. It means that we can study singly closed-shell nuclei 
such as 14°Ce and 206•204Pb to learn about residual interactions in the MFT, but not 
about the interesting effects due to partial occupancy of shell model orbitals. 
5 .2 Low-Lying Transitions 
Data and transition charge densities for six of the low-lying levels of 14°Ce are pre-
sented in this section. The error bands shown include statistical error, fitting error, 
and an additional 5% error. This last is to account for run-to-run differences due to 
variation in target thickness and the accuracy of reproducing and maintaining the 
beam position on target. 
Calculations for these low-lying transition charge densities are available. Two ap-
proaches were used - the Quasi-Particle-Phonon Model and the Finite Fermi System 
model which are described in Chapter 3. 
Table 5.1 [Ki92] lists the excitation energies with spin and parity for all of the 
states analyzed [Pe87]. (See also figure 1.1, the level diagram.) The excitation energies 
and the B(E.\) values of the low-lying states with different J7r obtained in the present 
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Experiment QPM FFS 
J7r Ex(MeV) B(EA) (e2fm2A) Ex(MeV) B(EA) (e2fm2A) Ex(MeV) B(EA) (e2fm2A) 
2+ 1.596 (3.04±0.08) X 103 1.62 3.60x103 1.61 2.5x103 
2.348 (4.3±2.8)x101 2.25 3.75x101 
2.900 (1.71±0.27) X 102 3.05 3.87x102 
3.119 (6.59±0.51) X 102 3.36 4.42x102 
3- 2.464 (1.98±0.14) X 105 2.27 1.48x105 2.44 1.9x105 
4+ 2.084 (3.41±0.44) X 106 2.08 3.61x 106 1.96 2.0x106 
Table 5.1: The excitation energies and the B(E.\) values of the low-lying states with 
different J7r obtained from experiment along with corresponding QPM calculations 
and self-consistent FFS predictions. (Table from [Ki92].) 
experiment are presented in this table along with corresponding QPM calculations 
and self-consistent FFS predictions. Table 5.2 [Ki92] presents the properties of low-
lying states in QPM calculations. This table gives the results in QPM with a one 
phonon approximation and after mixing between the one-phonon, two-phonon and 
three-phonon states. The two main configurations of the wave function after mixing 
are shown in this table for each state. The coefficients presented in the last column 
of table 5.2 correspond to R and P in equation 3.3. 
5.2.1 Low-Lying 2+ States 
Four 2+ states at excitation energies 1.596, 2.348, 2.900 and 3.119 MeV have been 
observed and analyzed in this experiment. Figure 5.4 shows the form factors and 
the corresponding DWBA fits for these 2+ states. Figure 5.5 presents the empirically 
reconstructed transition charge densities of these 2+ states along with theoretical 
calculations for each. 
The first 2+ state (figure 5.5), at an excitation energy of 1.596 MeV, has a strong 
surface peak with a maximum at 5. 7 fm. In the QPM calculation the 2i state is 
expected to have excitation energy of 1.62 MeV and B(E2) = 3.6x103 e2 fm 4 • The 
position and amplitude of the experimental density are well reproduced although the 
amplitude of the interior peak is overestimated by theory; the calculated B(E2) is 
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(a) (b) 
Jlr 1/ Ex(MeV) B(E.A) (e2fm2>-) Ex(MeV) B(E.A) (e2fm2>-) Main configurations 
2+ 1 1.82 3.54 x 103 1.62 3.60x103 0.93 Qt+ + 0.09 [Q;_Q;_h+ 
2 2.36 1.04x 10° 2.25 3.75x101 1 + 1 + 1 0.68 Q2+ + 0.68 Q2+ 
3 2.39 2.05x 101 2.31 1.37x10° +' +3 0.70 Q2+ - 0.70 Q2+ 
4 3.46 1.60 x 103 3.05 3.87x102 + , + f 0.72 Q2+ + 0.39 [Q2+Q2+h+ 
5 3.36 4.42 x 102 +. +1 +1 0.50 Q2+ - 0.50 [Q2+Q2+h+ 
a- 1 2.80 1.85x105 2.27 1.48 x 105 +. +1 ~ 0.90 Q3_ + 0.38 [Q2+Q3_b-
4+ 1 2.16 3.10x106 2.08 3.61x 106 1 + 1 + 1 0.97 Q 4+ + 0.14 Q 4+ 
Table 5.2: QPM calculations for properties of the low-lying states in 14°Ce with J.,. = 
2+, 3- and 4+ studied in this experiment a) in the one-phonon approximation, and 
b) in calculations after mixing between the one, two and three-phonon states with 
the wave function in equation 3.3 (only two main configurations of wave function are 
shown for each state). (Information from [Ki92].) 
approximately 20% too large. The nature of this interior peak is connected with 
the contribution of the ( 7r2d5;2 )~+ two-quasiparticle configuration to the structure 
of the first one-phonon 2+ configuration which is the main configuration (91% of 
contribution) in the wave function of the 2i state. The same feature characterizes 
calculations concerning the neighboring even-even isotopes 142Ce [Ki91] and 142N d 
[Sa89, Sa91]. The contribution of the ( 7r2d5/2)~+ two-quasiparticle configuration to 
the structure of the first one-phonon 2+ configuration in 14°Ce is 25% smaller than 
in 142N d, consequently the height of the interior peak compared to the surface peak 
appears reduced. This contribution in 14°Ce is larger than in 142Ce. In 142Ce it is 
equal to 15% because of additional neutron contributions. 
The surface peaks for collective states are produced as a result of coherent inter-
ference of a large number of two-quasiparticle components, while in the interior the 
interference is mainly destructive and as a result the density behaviour in the interior 
is usually determined by one or two main proton two-quasiparticle configurations. 
The uncertainties in details of both approaches ( QPM and FFS theory), such as the 
single-particle energy scheme, are thus expected to produce a worse description of 
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Figure 5.4: Form factors for the 2+ states at 1.596, 2.348, 2.900, and 3.119 MeV. The 
curves shown are DWBA fits. Figure from [Ki92]. 
the experimental densities in the interior than at the surface. 
The self-consistent FFS calculation for the first 2+ state gives an excitation energy 
of 1.61 MeV and B(E2) = 2.5x 103 e2 Jm\ an underestimate. The corresponding 
transition charge density is shown in figure 5.5 by a dashed curve. In principle, by 
varying some parameters of the density functional one could bring the surface peak 
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and B(E2) value much closer to the experiment. For example, it might be done by 
increasing the absolute value of parameter a+ , i.e., the attraction between nucleons, 
and by re-adjusting the strength constants of the spin-orbit and pairing interactions. 
[Ki92] preferred to hold all parameters, as obtained from fitting procedure mentioned 
above, constant. The contribution to B(E2) from the interior part of the transition 
density is small and the influence of the variations of the density functional on this 
part is much less pronounced. 
The second and third 2+ states of 14°Ce in the QPM calculation are superpositions 
of the two non-collective configurations (the second and third one-phonon 2+ modes). 
These two one- phonon 2+ configurations are closely spaced in energy, being located at 
2.355 and 2.388 MeV excitation, which results in substantial mixing. The amplitudes 
of these configurations add constructively in the second 2+ state at 2.25 MeV giving 
a B(E2) = 3.8 x 101 e2 fm 4 , while they interfere destructively in the third 2+ state 
at 2.31 MeV, producing a B(E2) of only 1.4 e2 fm 4 • The transition charge density 
of the second QPM 2+ state exhibits a pronounced node in the interior indicating 
its non-collective nature. It resembles the shape of the experimental density of the 
2t state at 2.348 MeV (figure 5.5) and the calculated B(E2) is close to the experi-
mental value. Three configurations comprise the 2t state: ( 7r1gi1~; 7r2d5; 2h+ (61.5% ); 
(7r1g7;2 )~+(30.0%); and (7r2d5;2)~+(8.5%). The large negative peak in the interior is 
caused by the first configuration. (The data for this level is somewhat less reliable 
than for the other levels considered, since there is a very weak 5+ state only 2 ke V 
away [Pe87] - too close to resolve in this experiment.) The third 2+ state in the QPM 
is expected to be very weak; this state was not confirmed in our experiment. There 
is a weak 2+ state at 2.521 MeV [Pe87], but it could not be isolated from states a few 
ke V on each side. 
The shapes of the densities of the fourth and fifth 2+ states in the QPM calculation 
are determined mainly by the contribution of the fourth one-phonon 2+ configuration 
to the wave function of these states. The fourth one-phonon 2+ configuration is 
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rather collective. While the strength of the first one-phonon 2+ configuration is 
mainly concentrated in the first 2t state, the strength of the fourth one- phonon 2+ 
configuration is distributed over several states; 52% of its strength goes to the fourth 
2+ state at 3.05 MeV with B(E2) = 3.9x102 e2 fm 4 and 25% goes to the fifth 2+ state 
at 3.36 MeV with B(E2) = 4.4x 102 e2 fm 4 • The smaller value of B(E2) of the fourth 
2+ state compared to the fifth is caused by a 2.5% destructive admixture of the first 
2+ one-phonon configuration to the wave function of the fourth 2+ state. Also, a 
visible contribution to the structure of the fourth and fifth 2+ states comes from the 
two-phonon configuration [2t ® 2th+ , 32% and 54%, respectively. In figure 5.5, the 
shape and amplitude of the fourth state in QPM are compared with the experimental 
density of the 2+ state at 2.900 MeV. While the extracted density for the level at 
2.900 MeV does have an interior maximum indicative of its non-collective nature, 
the absolute positions of the peaks are not well reproduced by the QPM calculation. 
Both the shape and amplitude of the density of the fifth state in QPM are in good 
agreement with the experimental density of the 2+ collective state at 3.119 MeV 
(figure 5.5). 
Quite remarkable is the measured and predicted high collectivity of the fifth cal-
culated, fourth observed 2t state at an excitation energy of 3.119 MeV (figure 5.5). 
This is a manifestation of the fact that the 1g7 ; 2 and 2d5; 2 energy levels are closely 
spaced while the 1h11; 2 , 3s1; 2 and 2d3; 2 orbitals are a few MeV higher. This strong 
collective 2t state was also observed in 142Nd [Sa89], where it was explained in terms 
of the single-particle subshell-structure. 
5.2.2 The 3- State at 2.464 MeV 
The form factor and transition charge density for the first 3- state at an excita-
tion energy of 2.464 MeV are shown in figures 5.6 and 5.7, respectively. The 31 
state in the QPM calculation is found at 2.27 MeV with a B(E3) of 1.5x 105 e2 fm6 , 
an underestimate. The main contribution (80.3%) to the structure of this state 
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Figure 5.6: Form factor for the 3- state at 2.464 MeV. (Figure from [Ki92].) 
comes from the first one- phonon 3- configuration with a 12.9% admixture from the 
two-phonon configuration [2t ® 31h-. Although the two- quasiparticle configuration 
( 7r2d~f2 , 1rlh11; 2h- contributes 68% to the structure of the first one-phonon 3- con-
figuration, the one-phonon configuration is rather collective; it exhausts 5. 7% of the 
energy weighted sum rule. 
In the QPM calculation for 14°Ce, the ( 1rlgi1~, 1rlh11; 2h- two-quasiparticle con-
figuration is found to lie lower in energy than the (7r2d~f2 , 1rlh11; 2h- configuration 
by only 0.05 MeV. However, since the (7r2d~f2 , 1rlh11; 2h- configuration has a matrix 
element of residual interaction 3.5 times larger than the ( 1rlgi1~, 1rlh11; 2h- configu-
ration, its contribution to the first 3- state is larger. 
The self-consistent FFS theory calculation gives an excitation energy for the first 
3- of 2.44 MeV, with a B(E3) = 1.9x105 e2 fm 6 , close to the experimental value. The 
corresponding transition charge density is shown in figure 5. 7 by a dashed curve. The 
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Figure 5.7: Transition charge density for the 3- state at 2.464 MeV. The solid curve 
is the QPM calculation and the dotted curve is the FFS calculation. (Figure from 
[Ki92].) 
agreement with experiment 'is good. In this approach for negative parity excitations, 
uncertainties connected with particle-particle channel contributions are diminished 
because the QRPA-type equations [Pl88] do not explicitly include the corresponding 
anomalous component of the transition density. At the same time the particle-hole 
channel, which in this case plays the most important role, is adequately taken into 
account. 
5.2.3 The 4+ State at 2.084 MeV 
The form factor and transition charge density for the first 4+ state (2.084 MeV) are 
presented in figures 5.8 and 5.9, respectively. The 4i state in the QPM calculation 
appears at 2.08 MeV with a B(E4) = 3.6x 106 e2 fm 8 (close to the experimental value) 
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Figure 5.8: Form factor for the 4 + state at 2.084 MeV. (Figure from [Ki92).) 
and it is essentially a pure first one-phonon 4 + configuration. The first one-phonon 
4 + configuration is less collective than the first one-phonon 2+ and 3- configurations. 
More than 96% of its strength comes from the three two-quasiparticle configurations: 
(11"197/2)~+(53.8%); (7r1g7A;7r2ds;2)4+(29.4%); and (7r2d5;2 )~+(13.1%). The smaller 
degree of collectivity of this first one-phonon 4 + configuration is the main reason 
for the weak coupling of this configuration to more complex ones. In general the 
agreement of the QPM results with the experiment is rather good in terms of both 
excitation energy and the shape of its transition density. 
For the 4t state the FFS calculation gives Ex = 1.96 MeV and B(E4) = 2.0x 106 
e2 fm 8 • The shape of the transition charge density for this state is reproduced rather 
well, but the width and the height of the surface peak are underestimated, as is the 
B(E4) value. This can be explained by the relative lack of collectivity of this state 
which makes it more sensitive to positions of single-particle levels near the Fermi 
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Figure 5.9: Transition charge density for the 4+ state at 2.084 MeV. The solid curve 
is the QPM calculation and the dotted curve is the FFS calculation. (Figure from 
[Ki92].) 
surface than the first 2+ state. As mentioned earlier, no attempt was made to improve 
the agreement with experiment by varying the density functional parameters. 
5.2.4 Low-Lying States Summary 
In this experiment, electron scattering cross sections for the low-lying states of 14°Ce 
have been measured for excitation energies up to 3.2 MeV. The excellent energy 
resolution made it possible to separate the form factors of some low- lying states 
for the first time. For six of these states, accurate transition charge densities were 
reconstructed by means of a DWBA analysis using a Fourier- Bessel expansion. For 
these levels, spin and parity assignments were confirmed. A systematic investigation 
of the modes of excitations of low-lying states was performed. 
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The experimental results were compared with calculations in the framework of the 
Quasiparticle-Phonon Model and Finite Fermi System theory. The QPM calculations 
with many-phonon configurations contributing to the wave functions of excited states 
made it possible to interpret the structure of the states studied. The self- consistent 
FFS theory proved to be quite successful in describing the first excited collective 
states of each multipolarity, which have a dominantly one-phonon character. For the 
higher-lying states, it was found that mixing with more complicated configurations 
needs to be taken into account. This mixing can be described microscopically within 
the framework of FFS theory, and the corresponding calculation scheme is being 
developed [Ki92]. 
In general, the agreement between the experimentally extracted transition charge 
densities and the theoretical calculations in both the energies of the excited states 
and the shape of the corresponding transition charge densities in the surface region 
is quite good. The poorer description of the interior structure of the densities is 
attributed to the destructive nature of the interference, which is more sensitive to the 
details of the calculations, which are not yet sufficiently sophisticated to explain this 
level of detail. A comparison of 14°Ce with 142Ce indicates that the two additional 
neutrons above the closed shell N =82 strongly increase the interplay between different 
components in the wave functions of excited states. In the open shell nucleus 142Ce, 
the interaction between one-, two- and three-phonon components is rather strong 
[Ki91]. Due to this interaction, one- and two-phonon configurations are mixed in the 
wave function of the excited states and only the first 2+ state can be approximated 
by a pure one-phonon state. In the half-magic nucleus 14°Ce the mixing is much 
weaker and the one-phonon approximation of the FFS is reasonable. This conclusion 
is reinforced by the fact that the results in 14°Ce are very similar to those of the 
neighboring half-magic 142Nd with two more protons in the open shell. 
The study of these nuclei together with the more extensive studies in the Zr-Sr and 
Ph regions indicates that while we do not have yet a calculational framework refined 
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enough to reproduce the features of nuclei with the accuracy achieved by experimental 
technique, we do have a good understanding of how these features develop as each 
shell is opened from the magic nucleus and we do have the calculational framework 
to reproduce their gross features rather satisfactorily. 
5 .3 Suggestions for Further Work 
The high resolution achieved in this experiment allowed the identification of over 90 
levels for which cross-sections were extracted. (See Appendix C.) For a significant 
fraction of these, enough of a form-factor exists to identify multipolarity, parity, or 
even extract a transition charge density. Many of these are natural-parity transitions 
which would be interesting to compare with the 208Pb results of [Pa82] and [He82a] , 
and the 142Ce results of [Ki91]. 
The transverse contributions to electric transitions are of great interest. Addi-
tional backward-angle data would help that investigation and would be essential for 
a study of the many magnetic transitions. 
None of the expected MlO or ElO stretched-configuration strength was identified 
in this experiment. Additional high-statistics backward angle data and even higher 
resolution would be required to carry on that search, which might help elucidate the 
fractionation mechanism. The v( h~1112 , i 13; 2),12- transition identified in this exper-
iment has a proton analog in 208Pb at 7.06 MeV [Li79]. Connelly, et al. [Co92] , 
re-examined the excitation region around that peak with improved resolution and 
found that the M12 strength of that transition was fragmented into two close-lying 
transitions which had not been resolved in the earlier experiment. It would be in-
teresting to investigate if the same effect might be at work in 14°Ce. Comparison 
with neighboring nuclei such as 142Ce or singly-closed-shell 142Nd would also be inter-
esting, as the preliminary investigation in 142Ce shows that the high-spin states are 
fragmented to a higher degree in that nucleus than in 14°Ce. 
Theoretical work on the interaction between stretched-configuration high-spin 
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states and two-particle-two-hole excitations would be useful in order to quantify and, 
if possible, explain the fragmentation mechanism. These 2p-2h excitations could re-
duce the stretched-configuration strength [Li84] but have usually been assumed to be 
negligible. Krewald and Speth [Kr80] attempted to explain the fragmentation of high-
spin strength in 208Pb using 2p-2h configurations, along with one-pion and p-meson 
exchange potentials; Hamamoto, et al. [Ha80], calculated the reduction of strength 
in these transitions due to core polarization. Both approaches explained the observed 
reduction in strength. However, as pointed out by Suzuki, et al. [Su82], Krewald and 
Speth used a restricted configuration space and Hamamoto, et al., used a simple 8 
interaction. When Suzuki, et al. [Su82], performed core-polarization calculations us-
ing a realistic potential and without the configuration space restrictions, their results 
were less consistent with experiment than the previous work. In particular, only a 
fraction of the reduction in strength of the 7.06 MeV, M12 transition discussed above 
was explained. 
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A FOURIER-BESSEL COEFFICIENTS 
This appendix lists the Fourier-Bessel coefficients used to describe the 14°Ce ground 
state charge density [Go86) and the coefficients that describe the experimental tran-
sition charge densities inferred from this experiment. 
Ground State 
Table A.1 lists the coefficients used to calculate the ground state charge density 
[Go86). They are in the convention used by FOUBES (ground-state model 2). The 
expansion radius R was 10 fm. 
(A.1) 
1/ Gv 1/ Gv 
1 0.759956 2 0.578531 
3 -0.589376 4 -0.184926 
5 0.337939 6 0.006674 
7 -0.132665 8 0.002477 
9 0.002589 10 -0.013456 
Table A.1 Ground-state expansion coefficients. 
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Transition Charge Densities 
The transition charge densities were expanded in a Fourier-Bessel series in the 
convention of Heisenberg [He81]: 
(A.2) 
where q~ is the vth zero of i£(qvR). The expansion radius R was 10 fm. In the tables 
below, the fitted coefficients Cv and uncertainties bCv were multiplied by 1000 for 
printing. Note that different numbers of coefficients were fit for different levels. 
v L-1 qv 2+ 1.596 MeV 2+ 2.348 MeV 
Cv bCv Cv bCv 
1 0.449341 16.81419 0.15208 2.31660 0.52751 
2 0.772525 18.37765 0.24859 4.08404 0.32548 
3 1.090412 -7.38812 0.21793 0.84380 0.27071 
4 1.406619 -7.53538 0.14168 -2.99478 0.14298 
5 1. 722075 4.87408 0.10905 -2.50167 0.16062 
6 2.037130 1.80404 0.14252 0.06417 0.30255 
7 2.351945 -1.86481 0.09188 0.63851 0.18785 
8 2.666605 -0.45320 0.08836 0.11499 0.18953 
Table A.2: fitted Fourier-Bessel coefficients, x1000. 
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11 L-1 qll 2+ 2.900 MeV 2+ 3.119 MeV 
ell 8e11 ell 8e11 
1 0.449341 3.88486 0.20298 6.94047 0.20568 
2 0.772525 3.89614 0.12970 4.69151 0.20304 
3 1.090412 -2.40881 0.14225 -4.90350 0.14526 
4 1.406619 -3.15401 0.09694 -1.63165 0.18512 
5 1.722075 -0.05089 0.16032 1. 70719 0.15553 
6 2.037130 1.23065 0.13559 -0.25805 0.27652 
7 2.351945 0.84177 0.13892 -0.82938 0.26865 
8 2.666605 -0.05072 0.14161 
9 2.981160 -0.28739 0.09507 
Table A.2, continued: fitted Fourier-Bessel coefficients, x1000. 
11 3- 2.464 MeV 4+ 2.084 MeV 
L-1 qll ell 8e11 L-1 qll ell 8e11 
1 0.576346 15.97057 0.32214 0.698793 8.50178 0.22634 
2 0.909501 19.56858 0.17374 1.041712 12.32130 0.15542 
3 1.232294 -3.82960 0.18729 1.369802 0.16787 0.22661 
4 1.551460 -10.02846 0.34559 1.692362 -4.29612 0.25775 
5 1.868904 1.93081 0.44704 2.012181 1.67833 0.43141 
6 2.185387 3.37443 0.17960 2.330425 2.44365 0.36664 
7 2.501280 -0.72532 0.21401 2.647676 0.37177 0.38903 
8 2.816783 -0.40240 0.07548 2.964261 
9 3.132014 -0.43863 0.17966 3.280373 
Table A.2, continued: fitted Fourier-Bessel coefficients, x1000. 
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B ANALYSIS CODES USED 
This appendix presents brief descriptions of the major computer programs (and a 
few of the minor ones) which I used in my data reduction and analysis. All were in 
Fortran and ran on the Nuclear Physics Lab 's VAX 785. 
ABAMAG calculates Woods-Saxon orbitals, transition densities, and PWBA cross-
sections for magnetic transitions. Electric transitions are calculated with the 
related program WSELMN. I changed the way they calculated the Mott cross 
section to use a standard definition. (Anonymous; provided by C. N. Papanic-
olas.) 
CFIT is a curve fitting program for extracting cross-sections from bin-sorted spectra. 
Requires the spectrum, a file with radiation line-broadening information, (see 
RATAIL) and a file listing initial excitation energies for the peaks in the section 
of spectrum being fitted. I ran CFIT in VAX debug mode so I could alter or 
correct peak positions and graph fitting results on my terminal without having 
tore-initialize the fit. Written by C. N. Papanicolas [Pa79]; similar to the fitting 
program used by Cooper, et al. [Co76]. 
DTCALC takes scalar values from ELSSY data file and calculates instrumental 
deadtime and counting rates. 
EONTA is a database program, originally written by C. N. Papanicolas to hold his 
thesis data [Pa79]. (wvro: is Greek for existing). Cross-sections are stored in 
a binary file which is accessed or modified with commands in EONTA. Output 
forms include line-printer listing of cross-sections (normalized or unnormalized), 
laser-printer plots, and FOUBES input files. 
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EONTAIN is one of a number of utility programs I wrote to make getting large 
amounts of data into or out of EONTA easier. EONTAIN accepts free-format 
input and produces a strictly formatted input file which can be read by EONTA 
to create or extend a database. 
FFFOUB programs graph experimental and calculated cross-sections or form fac-
tors. Versions exist for plotting to DI3000 devices and S. E. Williamson's 
GRAPH package. Later versions can scan FOUBESl print files for the final 
cross-section tables and plot them with labels derived from the print file itself. 
(Original version by C. N. Papanicolas. ) 
FOUBES is a DWBA code, descended from Heisenberg's HEINEL [He81, He83]. 
FOUBES can calculate cross-sections from a given transition density or fit a 
transition density to cross-section or form-factor data. FOUBES is organized 
internally as three programs with many shared subroutines depending on the 
transition type, e.g., when FOUBES calculates L > 0 electric transitions it uses 
the name FOUBESFIT. I used the edition of FOUBES called FOUBESl. 
FPC handles spectrometer Focal Plane Calibration; it was derived from Bates' 
FPCAL program. FPC takes raw spectrum channel numbers corresponding 
to peaks, the excitation energies of the peaks, and the atomic numbers of nuclei 
the peaks are from. Peaks from different targets using the same beam energy 
and scattering angle may be combined; new focal plane parameters needed to 
be calculated whenever beam energy of scattering angle changed. (Anonymous. 
I used a version provided by the University of New Hampshire Nuclear Physics 
group.) 
GRAPHGMY2A is a plot file reading subroutine I wrote for S. E. Williamson's 
GRAPH plotting package. This allowed me to use GRAPH with the plot files 
produced by CFIT (q.v.). 
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PSEUDO_FOUBES creates pseudo-data in the convention of [Ca72, Ca78]. The 
output file is in FOUBES input data format. 
RATAIL calculates radiative line-broadening and the radiative tail, following [Be67]. 
Part of the Bates software suite provided by C. N. Papanicolas. 
SORT85 is a binsort program for ELSSY data files. Because data file format changed 
occasionally, there had to be a different version of SORT for each one. different 
versions were identified by the year( s) listed in the program name. (Brought to 
Illinois from Bates and extensively modified by C. N. Papanicolas.) 
TRD programs graph transition densities. Versions exist for plotting to Dl3000, S. 
E. Williamson's GRAPH package, and non-graphics terminals or line printers. 
Later versions could scan FOUBESl print files for the final charge density table 
and plot it with labels derived from the print file itself. (Original version by 
C. N. Papanicolas.) 
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C REDUCED DATA 
This appendix contains the reduced data collected as part of this experiment. Ta-
ble C.1 lists the experimental spectra (q-points). Table C.2 lists the measured cross 
sections and their uncertainties for the observed peaks analyzed as part of this exper-
iment. Table C.3 lists the measured cross sections and their uncertainties for other 
peaks measured as part of this experiment, but not analyzed. 
Q-Points 
File Name Einc scattering O"Mott qeff normalization 
(MeV) angle (deg) (mb/sr) (fm-1) factor 
CESDE2F5.45D 189.60 45.0 0.195E+02 0.81 1.013 
CESDE2F5.55D 189.60 54.8 0.864E+01 0.97 0.907 
CESDE2F5.65D 189.60 65.0 0.420E+01 1.13 0.859 
CESDE2F5. 76D 189.60 76.0 0.212E+01 1.30 0.850 
CESDE2F5.88E 189.60 88.0 0.109E+01 1.46 0.987 
CESDE2F5.A1E 189.60 101.0 0.560E+OO 1.63 0.464 
CESDE2F5.F5F 189.60 155.0 0.249E-01 2.06 0.924 
CESAP3F3.140 100.30 40.0 0.111E+03 0.42 0.995 
CESAP3F5.160 100.30 60.0 0.207E+02 0.61 0.891 
CESAP3F3.176 100.30 76.4 0.726E+01 0.76 0.916 
CESAP3F5.240 279.10 40.0 0.144E+02 1.04 0.727 
CESAP3F5.275 279.10 75.3 0.101E+01 1.85 0.650 
CESAP3F5.288 279.10 88.4 0.487E+OO 2.11 0.688 
CESAP3F5.297 279.10 97.1 0.310E+OO 2.26 0.713 
CESAP3F5.340 365.90 40.0 0.831E+01 1.34 0.767 
CESAP3F5.375 365.90 74.7 0.600E+OO 2.38 0.498 
CEAP3SRT.381 365.90 80.5 0.430E+OO 2.53 0.433 
CESFE5F3.50D 229.50 50.0 0.848E+01 1.07 0.762 
CESFE5FT.FOD 229.50 150.0 0.250E-01 2.44 0.762 
Table C.l Data Runs. 
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Measured Cross Sections 
The following tables (continued on the following pages) present the normalized 
cross sections extracted as part of this work. The uncertainties shown include sta-
tistical and fitting uncertainties. For each spectrum, the elastic peak was used to 
normalize the spectrum to an absolute elastic experiment at Saclay [Go86); the val-
ues shown below for the elastic peaks are, therefore, the calculated ones (see section 
4.2). 
Since small peaks on the tails of large peaks can have gaussian-like fitting uncer-
tainties, peaks for which CFIT gave uncertainties somewhat over 100% are included in 
the following table as-is. An arbitrary cut-off was made and peaks with uncertainties 
greater than 300% are presented as upper limits. 
Einc angle 1.596 MeV, 2+ 2.348 MeV, 2+ 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 0.4909E-02 1.1 0.8358E-04 18.0 
189.60 54.8 0.4265E-03 3.2 0.3598E-04 13.2 
189.60 65.0 0.2638E-03 1.7 0.1613E-05 77 .0 
189.60 76.0 0.4293E-06 110.0 
189.60 88.0 0.1490E-04 3.3 
189.60 101.0 0.2198E-05 7.3 0.1079E-05 11.2 
189.60 155.0 0.8191E-08 236 .0 0.4272E-07 40.0 
100.30 40.0 0.4593E-01 18.9 
100.30 60.0 0.1537E-01 1.1 < 0.4995E-04 
100.30 76.4 0.3236E-02 10.2 0.3555E-04 47.1 
279.10 40.0 0.7089E-03 8.0 0.4816E-04 52.0 
279.10 75.3 0.6442E-05 3.5 0.2895E-06 25.1 
279.10 88.4 0.1745E-06 27.1 0.1180E-06 34.1 
279.10 97.1 0.9937E-07 38.3 0.1283E-07 152.1 
365.90 40 .0 0.1303E-04 19.1 
365.90 74.7 0.2572E-06 20 .7 
365.90 80.5 0.1732E-06 14.2 0.3154E-08 208.3 
229.50 50.0 0.4613E-03 5.0 0.9428E-05 92.0 
229.50 150.0 0.3960E-08 48.0 0.2171E-08 77.0 
Table C.2: Normalized cross sections 
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Einc angle 2.900 MeV, 2+ 3.119 MeV, 2+ 
(MeV) (deg) o-(mbfsr) c5o-(%) o-(mbfsr) c5o-(%) 
189.60 45.0 0.2147E-03 7.1 0.4317E-03 4.5 
189.60 54.8 0.2758E-04 16.1 0.1143E-03 5.7 
189.60 65.0 0.1759E-04 12.0 0.6832E-04 4.6 
189.60 76.0 0.1155E-04 5.8 0.1824E-04 4.5 
189.60 88.0 0.2581E-05 9.6 0.2517E-05 10.3 
189.60 101.0 0.6782E-06 15.1 
189.60 155.0 
100.30 40.0 
100.30 60.0 0.5481E-03 10.0 0.1055E-02 5.9 
100.30 76.4 0.1678E-03 16.4 0.2424E-03 14.6 
279.10 40.0 0.4185E-04 62.0 0.2233E-03 17.0 
279.10 75.3 0.1573E-06 35.0 0.5582E-06 12.8 
279 .10 88.4 0.8130E-07 45.1 0.3817E-07 90.0 
279.10 97.1 0.6430E-07 70.2 
365.90 40.0 0.4437E-04 8.7 0.4751E-04 8.4 
365.90 74.7 0.7774E-07 60.4 0.9005E-07 88.3 
365.90 80.5 < 0.3012E-07 0.5269E-08 156.3 
229.50 50.0 0.1020E-04 70.0 0.1375E-03 9.8 
229.50 150.0 0.3267E-08 76.0 
Table C.2, continued: Normalized cross sections 
Einc angle 2.464 MeV, 3- 2.084 MeV, 4+ 6.308 MeV, 12-
(MeV) (deg) o-(mbfsr) c5o-(%) o-(mbfsr) c5o-(%) o-(mb/sr) c5o-(%) 
189.60 45.0 0.9999E-02 1.2 0.2512E-02 1.6 
189.60 54.8 0.1934E-02 2.3 0.1157E-02 2.4 
189.60 65.0 0.1353E-03 3.9 0.2856E-03 2.0 
189.60 76.0 0.8570E-04 2.8 0.2724E-04 4.5 
189.60 88.0 0.6646E-04 1.6 0.6895E-05 7.7 
189.60 101.0 0.7858E-05 4.2 
189.60 155.0 0.1334E-06 27.0 0.1594E-06 24.9 
100.30 40.0 
100.30 60.0 0.8060E-02 1.1 0.2778E-03 20.0 
100.30 76.4 0.4113E-02 10.2 0.7522E-03 11.2 
279.10 40.0 0.1972E-02 5.2 0.1727E-02 5.0 
279.10 75.3 0.2006E-05 15.1 0.8436E-06 42.0 
279.10 88.4 0.2112E-05 9.5 0.3439E-06 38.1 0.3107E-06 18.9 
279.10 97.1 0.4603E-06 15.0 0.5489E-06 54.2 
365.90 40.0 0.4240E-03 3.4 0.7071E-04 11.8 
365.90 74.7 0.2315E-06 22.1 0.1202E-05 10.6 0.4097E-06 35.7 
365.90 80.5 0.1306E-06 24.3 0.1109E-06 22.0 0.1172E-06 21.8 
229.50 50.0 0.6964E-03 4.3 0.8514E-03 3.7 
229.50 150.0 0.4532E-08 51.0 0.2285E-07 38.0 0.1257E-06 13.0 
Table C.2, continued: Normalized cross sections 
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Table C.3 lists cross sections extracted as part of this work, but not analy~ed. 
Each level is labeled by its excitation energy in MeV. (0.0 MeV is the elastic peak. ) 
The levels are given in order of excitation energy, except for some of the highest 
levels (which are at the end of the table). As with the previous table, peaks with 
uncertainties greater than 300% are shown as upper limits. 
Einc angle 0.0 1.903 2.108 
(MeV) (deg) a-(mb/sr) 6a-(%) a-(mb/sr) 6a-(%) a-(mb/sr) 6a-(%) 
189.60 45.0 0.2402E+00 0.5 0.6472E-04 21.0 0.1166E-03 16.0 
189.60 54.8 0.7700E-01 2.0 0.5921E-04 9.8 0.1175E-03 7.0 
189.60 65 .0 0.1333E-01 0.4 0.1670E-04 10.5 0.9946E-04 4.1 
189.60 76.0 0.9387E-03 0.5 0.4613E-04 3.3 
189.60 88.0 0.4604E-03 0.6 0.1758E-05 12.0 0.1329E-04 4.2 
189.60 101.0 0.1525E-03 2.0 0.1195E-05 10.4 0.1327E-05 13.2 
189.60 155.0 0.3742E-06 6.7 0.1407E-07 145.0 
100.30 40.0 0.4602E+02 10.0 
100.30 60 .0 0.1752E+01 0.2 < 0.5582E-04 < 0.5484E-04 
100.30 76.4 0.1530E+00 10.0 0.4272E-04 45.1 0.2840E-04 65.8 
279.10 40.0 0.8742E-01 0.5 0.6078E-04 45.0 0.3486E-03 17.0 
279 .10 75.3 0.2156E-04 1.7 0.4655E-05 8.5 
279.10 88.4 0.8963E-05 2.6 0.4815E-07 72 .0 0.1889E-05 8.4 
279.10 97.1 0.2345E-05 5.0 0.4857E-07 61.2 0.2851E-06 90 .1 
365.90 40.0 0.2485E-02 1.0 0.1878E-03 1.0 
365.90 74.7 0.1484E-05 7.0 0.8163E-07 41.6 0.1202E-05 10.6 
365.90 80.5 0.1903E-06 10.4 0.1378E-07 55.0 0.6304E-07 31.8 
229.50 50.0 0.4542E-01 0.5 0.5040E-04 22.0 0.1508E-03 12.2 
229.50 150.0 0.1599E-08 50.0 < 0.1755E-08 0.1676E-07 64.0 
Table C.3: Normalized cross sections 
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Einc angle 2.250 2.412 2.481 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 0.7258E-05 170.0 0.3183E-03 50.0 
189.60 54.8 0.9574E-05 45.0 0.1928E-03 8.0 
189.60 65 .0 0.4246E-05 33.0 0.6256E-04 7.4 
189.60 76.0 0.5169E-06 83.0 0.1436E-04 13.0 
189.60 88.0 
189.60 101.0 < 0.7647E-07 
189.60 155.0 0.9932E-07 90.0 0.8661E-08 126.0 
100.30 40.0 
100.30 60 .0 0.2866E-03 15.7 
100.30 76.4 0.4550E-04 38.3 0.2913E-04 58.9 0.1262E-03 40.3 
279.10 40 .0 0.4173E-04 64.0 0.8240E-04 94.0 
279.10 75.3 0.1493E-06 53.0 
279.10 88.4 0.4577E-06 39.1 
279.10 97.1 
365.90 40.0 0.3821E-04 28.0 
365.90 74.7 
365.90 80.5 0.1673E-07 47.2 0.1493E-07 55.0 
229.50 50.0 0.2840E-04 29.0 0.4493E-05 160.0 0.1606E-03 13.5 
229 .50 150.0 
Table C.3, continued: Normalized cross sections 
Einc angle 2.516 2.522 2.533 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 < 0.3149E-04 0.1248E-04 285.0 
189.60 54.8 0.3931E-04 32.1 
189.60 65 .0 0.1577E-04 33.0 0.1997E-04 33.0 < 0.3304E-05 
189.60 76.0 0.3571E-05 83.0 0.1393E-04 13.0 0.2217E-05 72 .0 
189.60 88.0 0.3197E-05 31.0 0.5531E-06 196.0 
189.60 101.0 0.1109E-05 44.0 0.4778E-06 28.1 
189.60 155.0 0.1851E-07 248.0 0.5199E-07 44.0 0.6879E-07 53.0 
100.30 40.0 
100.30 60.0 0.4188E-04 140.0 0.4779E-04 167.0 
100.30 76.4 0.1087E-04 186.3 
279.10 40.0 < 0.6394E-04 0.3668E-04 171.0 
279.10 75.3 0.8507E-06 18.1 
279.10 88.4 0.2910E-06 31.1 
279 .10 97.1 
365.90 40.0 0.6521E-04 13.0 
365.90 74.7 0.1415E-06 55.4 
365.90 80.5 0.3897E-07 74.7 < 0.5595E-07 
229 .50 50.0 0.4493E-04 31.0 0.1104E-04 142.0 
229.50 150.0 0.5753E-08 76.0 
Table C.3, continued: Normalized cross sections 
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Einc angle 2.548 2.630 3.017 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45 .0 0.5317E-04 37.0 0.9100E-05 122.0 
189.60 54.8 0.1614E-05 260 .0 0.1748E-04 23.1 
189.60 65.0 < 0.1699E-05 0.4538E-05 30.0 < 0.1227E-05 
189.60 76.0 < 0.6821E-06 0.5378E-05 11.0 < 0.2897E-06 
189.60 88.0 0.3913E-05 8.3 0.2454E-06 64.0 
189.60 101.0 0.8021E-07 122.0 0.1357E-05 10.1 0.6378E-07 104.0 
189.60 155.0 0.3311E-07 55.0 0.7893E-07 40 .0 < 0.1907E-07 
100.30 60.0 0.1396E-03 45.0 0.2267E-03 20.0 0.3917E-03 15.0 
100.30 76.4 0.1660E-04 108.5 < 0.1864E-04 
279.10 40.0 < 0.4955E-04 0.7731E-04 40.0 < 0.2558E-04 
279.10 75.3 0.7630E-07 153.0 0.1447E-05 7.0 < 0.7857E-07 
279.10 88.4 0.8557E-07 48.1 0.5794E-07 70.0 
279.10 97.1 < 0.2009E-06 0.3521E-07 144.1 
365.90 40.0 0.2293E-04 15.1 < 0.2277E-05 
365.90 74.7 0.2536E-07 142.2 0.1604E-06 48.5 
365.90 80.5 0.3955E-08 246.2 
229.50 50.0 0.7311E-05 107.0 
229.50 150.0 0.1535E-08 101.0 
Table C.3, continued: Normalized cross sections 
Einc angle 3.040 3.233 3.264 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 < 0.1415E-04 < 0.1222E-04 0.6761E-03 3.0 
189.60 54.8 0.4290E-05 88.0 0.5279E-06 781.0 0.5213E-03 2.8 
189.60 65.0 < 0.1227E-05 < 0.1218E-05 0.2905E-03 1.6 
189.60 76.0 < 0.2803E-06 0.1689E-05 23.0 0.8730E-04 2.0 
189.60 88.0 0.6479E-07 224.0 0.7504E-06 24.0 0.1084E-04 3.9 
189.60 101.0 0.2553E-07 252.0 0.1132E-06 62.0 0.5579E-06 16.8 
189.60 155.0 < 0.1523E-07 0.5898E-07 34.7 0.8188E-08 241.1 
100.30 60.0 0.3736E-03 16.0 < 0.4723E-04 
100.30 76.4 0.3361E-04 53.0 0.1560E-03 17.3 
279.10 40.0 < 0.2558E-04 
279.10 75.3 0.8410E-07 89.0 0.3449E-06 37.0 0.3440E-05 5.6 
279.10 88.4 0.1550E-06 30.1 0.2498E-06 21.2 
279.10 97.1 < 0.5870E-07 0.6148E-07 90.1 
365.90 40.0 < 0.2277E-05 0.1671E-05 190.0 0.2941E-03 2.8 
365.90 74.7 0.1642E-06 50.5 0.6695E-07 134.2 
365.90 80.5 0.2130E-07 60.9 < 0.1160E-07 0.8853E-07 19.1 
229.50 50.0 0.5793E-05 133.0 0.5978E-03 4.5 
229.50 150.0 0.2423E-08 164.0 0.4025E-08 72;0 
Table C.3, continued: Normalized cross sections 
68 
Einc angle 3.320 3.334 3.341 
(MeV) (deg) u(mb/sr) 8u(%) u(mbfsr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 0.7429E-04 24.0 0.3860E-03 6.8 0.1663E-04 108.0 
189.60 54.8 0.8140E-05 87.0 0.1709E-03 5.3 
189.60 65.0 0.1366E-04 19.0 0.1000E-04 54.0 0.2697E-04 15.0 
189.60 76.0 0.2338E-05 24.0 0.1888E-05 52.0 0.6211E-06 125.0 
189.60 88.0 0.3558E-05 13.0 < 0.4147E-06 
189.60 101.0 0.1551E-06 75.0 0.1379E-05 24.1 0.6383E-06 42.0 
189.60 155.0 0.7120E-07 69.3 < 0.3085E-06 < 0.1560E-06 
100.30 60.0 0.7839E-04 106.0 < 0.1693E-03 0.7063E-03 21.0 
100.30 76.4 0.4134E-04 53.0 0.3220E-04 110.5 0.1138E-03 31.6 
279.10 40.0 0.2606E-03 14.3 
279.10 75.3 0.4946E-06 61.0 < 0.7694E-06 0.8631E-06 64.0 
279.10 88.4 0.1735E-06 48.1 < 0.1886E-06 0.1498E-06 96 .0 
279.10 97.1 < 0.3112E-06 < 0.8900E-06 < 0.6148E-06 
365.90 40.0 0.1018E-04 54.0 0.1389E-04 74.0 < 0.7527E-05 
365.90 74.7 0.2207E-06 51.5 
365.90 80.5 < 0.1762E-07 0.9459E-07 23.4 
229.50 50.0 < 0.1142E-04 0.9999E-04 30.0 0.1065E-03 12.4 
229.50 150.0 < 0.2285E-07 < 0.7388E-07 0.8911E-08 105.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 3.402 3.426 3.478 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 < 0.8512E-05 0.3805E-05 276.0 0.2546E-05 434.0 
189.60 54.8 < 0.4559E-05 0.2392E-04 19.4 0.2340E-04 22.1 
189.60 65.0 0.7637E-05 21.0 0.3476E-04 5.8 0.1400E-04 13.0 
189.60 76.0 0.6945E-06 68.0 0.3578E-04 2.7 0.3632E-05 16.1 
189.60 88.0 0.3278E-06 53.0 0.2498E-04 2.6 0.2222E-06 109.0 
189.60 101.0 0.1128E-06 80.0 0.1177E-04 3.4 0.8517E-06 24.1 
189.60 155.0 0.8135E-07 40.6 0.1424E-06 50.4 0.4552E-06 27.8 
100.30 60.0 < 0.6149E-04 
100.30 76.4 0.1612E-04 110.5 0.1527E-04 114.4 0.2869E-04 69.7 
279.10 40.0 0.5056E-04 74.0 0.3713E-04 75.0 
279.10 75.3 0.1674E-05 17.5 0.5492E-05 5.8 0.8491E-05 8.6 
279.10 88.4 0.6102E-07 71.0 0.1628E-06 30.1 0.9816E-06 18.7 
279.10 97.1 < 0.3643E-06 0.8349E-08 65.2 < 0.3188E-05 
365.90 40.0 0.1152E-04 31.0 0.1569E-03 4.6 0.1934E-04 27 .0 
365.90 74.7 0.1025E-06 174.1 0.1046E-06 160.2 0.7845E-06 67.4 
365.90 80.5 < 0.1762E-07 0.1461E-06 18.8 0.1934E-07 193.3 
229.50 50.0 < 0.8377E-05 0.5658E-04 19.5 0.2095E-04 50.0 
229.50 150.0 0.7844E-08 132.0 < 0.1066E-07 0.5179E-07 75.0 
Table C.3, continued: Normalized Cross Sections. 
69 
Einc angle 3.492 3.540 3.558 
(MeV) (deg) u(mb/sr) cSu(%) u(mb/ sr) cSu(%) u(mb/sr) cSu(%) 
189.60 45 .0 0.1651E-04 136.0 0.3032E-03 5.5 0.1370E-04 94.0 
189.60 54.8 0.4370E-05 116.0 0.1160E-03 6.2 0.1491E-04 43.0 
189.60 65 .0 0.5132E-05 35.0 < 0.1782E-05 0.3443E-04 6.0 
189.60 76.0 0.3709E-05 16.5 0. 1078E-05 40 .0 0.6781E-05 8.8 
189.60 88.0 0.6191E-05 6.3 0.1284E-05 62.0 0.5229E-05 6.7 
189.60 101.0 0.4785E-05 5.9 0.6900E-06 21.1 0.1767E-05 9.9 
189.60 155.0 0.1916E-05 21.1 0.2445E-06 36.6 0.1187E-06 70.3 
100.30 60 .0 0.1069E-03 90.0 0.3384E-04 185.0 0.4682E-03 13.2 
100.30 76.4 0.1612E-04 97.5 0.5644E-04 31.6 0.2877E-04 60 .8 
279.10 40.0 0.8758E-05 260.0 0.1291E-03 23 .0 
279 .10 75 .3 0.4627E-05 17.0 0.6542E-06 31.0 < 0.1609E-06 
279.10 88.4 0.4339E-05 6.0 0.2695E-06 36.1 < 0.9340E-07 
279.10 97.1 0.2125E-05 14.4 0.3339E-06 30.4 0.6607E-07 224.1 
365.90 40 .0 0.2332E-04 20.0 0.9860E-05 38.0 0.3741E-04 14.1 
365.90 74.7 0.9205E-06 55.4 0.2615E-06 160.2 < 0.3138E-06 
365.90 80 .5 0.2602E-06 20.8 0.1719E-07 230.2 0.6257E-07 43 .3 
229.50 50.0 < 0.9139E-05 < 0.1219E-04 0.8522E-04 17.4 
229 .50 150.0 0.1028E-06 50.0 0.4798E-07 73 .0 < 0.2370E-07 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 3.612 3.649 3.710 
(MeV) (deg) u(mb/sr) cSu(%) u(mb/sr) cSu(%) u(mb/sr) cSu(%) 
189.60 45 .0 0.9191E-04 14.9 0.3584E-03 5.1 < 0.1120E-04 
189.60 54.8 0.3460E-04 15.0 0. 1570E-03 4.9 < 0.4103E-05 
189.60 65 .0 0.8751E-05 15.9 0.5212E-04 4.4 0.2018E-05 62 .0 
189.60 76 .0 < 0.3192E-06 0.8308E-05 7.3 0.9024E-06 41.0 
189.60 88.0 0.5529E-06 33.0 0.9676E-06 19.4 0.3385E-06 49.0 
189.60 101.0 0.6538E-06 17.8 0.4747E-06 21.1 0.1696E-06 52.0 
189.60 155.0 
100.30 60.0 0.4893E-03 11.9 0.1641E-03 33.0 0.3246E-04 158.0 
100.30 76.4 0.3819E-04 49 .0 0.1644E-03 17.8 < 0.2061E-04 
279.10 40 .0 0.2038E-03 16.5 < 0.2825E-05 
279 .10 75 .3 0.8582E-06 12.8 0.3672E-06 28.1 
279.10 88.4 0.3369E-06 18.8 0.3163E-07 152.0 
279.10 97.1 0.1639E-06 30.4 0.9108E-07 83.2 
365.90 40 .0 0.1211E-05 190.0 0.2855E-04 12.1 < 0.2258E-05 
365.90 74 .7 0.2667E-06 28 .9 0.2055E-06 41.6 0.7014E-07 210 .1 
365.90 80.5 0.3193E-07 49.1 0.6532E-07 27.1 0.1190E-06 28.0 
229.50 50.0 < 0.8377E-05 0.1075E-03 12.9 < 0.7311E-05 
229 .50 150.0 < 0.6854E-08 < 0.5864E-08 
Table C.3, continued: Normalized Cross Sections. 
70 
Einc angle 3.731 3.777 3.792 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 0.2032E-04 56.0 0.2046E-03 8.1 0.3981E-05 73 .0 
189.60 54.8 < 0.4012E-05 0.9647E-04 6.9 0.1510E-05 294.0 
189.60 65.0 0.2366E-05 54.0 0.3114E-04 6.8 < 0.1923E-05 
189.60 76.0 0.7146E-06 52.0 0.3386E-05 14.5 < 0.3451E-06 
189.60 88.0 < 0.1481E-06 0.4078E-06 40.0 < 0.1580E-06 
189.60 101.0 < 0.7991E-07 0.5894E-06 20.1 < 0.9871E-07 
189.60 155.0 
100.30 60.0 < 0.5703E-04 0.8336E-03 8.4 
100.30 76.4 < 0.1649E-04 0.2432E-04 78.6 0.5569E-04 38.3 
279.10 40.0 < 0.4251E-04 
279.10 75.3 0.8750E-07 113.0 0.4584E-07 3l.O 0.2857E-06 47.0 
279.10 88.4 < 0.5250E-07 0.1156E-06 55.1 < 0.5799E-07 
279.10 97.1 < 0.1138E-06 0.1579E-06 84.1 < 0.1518E-06 
365.90 40.0 0.7513E-05 36.0 0.9838E-05 32.0 < 0.2710E-05 
365.90 74.7 0.2286E-06 210.1 < 0.5387E-06 0.1932E-06 7.1 
365.90 80.5 0.9884E-07 86.6 0.4512E-06 13.4 < 0.8220E-07 
229.50 50.0 < 0.7616E-05 0.5082E-04 24.0 < 0.8377E-05 
229.50 150.0 0.7192E-08 115.0 0.1986E-07 136.0 < 0.1371E-07 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 3.880 3.956 3.993 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 0.1374E-04 73.0 0.1425E-04 66.0 0.4297E-03 4.3 
189.60 54.8 0.9665E-05 33.1 0.1732E-05 173.0 0.9419E-04 6.0 
189.60 65.0 0.5132E-05 23.0 0.3914E-06 298.0 0.9238E-05 14.2 
189.60 76.0 0.1183E-05 29.0 0.3883E-05 11.3 
189.60 88.0 < 0.1481E-06 0.5036E-06 36.0 0.3436E-05 7.6 
189.60 101.0 < 0.7051E-07 0.1200E-06 52.0 0.8414E-06 13.0 
189.60 155.0 0.5933E-07 70.3 0.1875E-06 30.7 
100.30 60.0 < 0.4188E-04 0.5719E-03 10.0 
100.30 76.4 < 0.1557E-04 0.1072E-04 147.3 0.1845E-03 15.8 
279.10 40.0 0.5447E-04 38.0 0.1465E-04 178.0 
279.10 75.3 0.4737E-06 19.4 0.7134E-06 19.3 
279.10 88.4 0.1225E-06 36.1 0.1661E-06 29.1 0.9117E-07 59.1 
279.10 97.1 0.6186E-07 52.2 0.8500E-07 46.3 0.1673E-06 38.3 
365.90 40.0 0.5037E-05 41.0 0.2606E-05 71.0 0.2153E-04 14.8 
365.90 74.7 0.1935E-06 26.0 0.1449E-06 57.4 0.5246E-07 257.1 
365.90 80.5 0.1624E-06 16.6 0.3180E-07 53.0 0.8393E-08 241.2 
229.50 50.0 0.1195E-04 74.0 < 0.1100E-03 0.3692E-04 28.0 
229.50 150.0 0.6329E-08 127.0 0.7616E-08 140.0 < 0.1142E-07 
Table C.3, continued: Normalized Cross Sections. 
71 
Einc angle 4.017 4.065 4.125 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45 .0 0.4099E-05 295 .0 0.1018E-04 81.0 0.5162E-04 29.0 
189.60 54.8 0.2188E-04 18.9 0.4559E-05 84.0 0.1247E-04 29.1 
189.60 65 .0 0.1770E-04 9.1 0.2860E-05 41.0 0.4811E-05 25.0 
189.60 76.0 0.8442E-05 6.7 0.6985E-06 38.0 0.2651E-06 92.0 
189.60 88.0 0.1570E-05 13.4 < 0.1753E-06 0.1333E-05 11.0 
189.60 101.0 0.3431E-06 25.1 < 0.7051E-07 0.7991E-06 12.2 
189.60 155.0 0.7120E-07 70 .3 0.3916E-07 70 .3 0.3323E-07 161.1 
100.30 60.0 0.6349E-03 9.1 0.4048E-03 13.4 0.1369E-03 26.0 
100.30 76.4 0.2538E-04 71.7 < 0.1466E-04 0.1741E-04 75.7 
279.10 40 .0 < 0.2920E-04 0.2214E-04 96.0 
279.10 75 .3 0.7344E-06 17.1 0.9498E-06 12.4 
279.10 88 .4 0.3006E-06 21.2 0.3863E-06 15.6 
279.10 97 .1 0.5768E-07 88 .1 0.4630E-07 70.2 0.7666E-07 55.2 
365.90 40.0 0.2808E-04 12.5 < 0.1882E-05 0.1425E-05 137.0 
365.90 74.7 < 0.1203E-06 0.1967E-06 34.7 < 0.1576E-06 
365.90 80.5 0.2149E-07 199.3 0.2906E-07 98 .6 0.2333E-07 142.4 
229 .50 50.0 0.3403E-04 30.0 0.8202E-05 105.0 < 0.5940E-05 
229.50 150.0 0.1203E-07 147.0 < 0.1037E-07 < 0.2061E-07 
Table C.3, continued: Normalized Cross Sections. 
E inc angle 4.158 4.182 4.208 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 0.2177E-04 52.0 < 0.9978E-05 0.4694E-04 67.0 
189.60 54.8 0.1714E-04 22.1 < 0.3374E-05 < 0.3283E-05 
189.60 65.0 0.1133E-04 13.8 < 0.1479E-05 0.1095E-05 108.0 
189.60 76 .0 0.2988E-05 12.7 0.2290E-05 16.2 0.2824E-06 93.0 
189.60 88 .0 0.1970E-05 10.4 < 0.1694E-06 0.2508E-06 58.0 
189.60 101.0 0.7248E-06 16.5 0.7958E-06 14.6 0.2753E-06 31.1 
189.60 155.0 0.1848E-06 50.4 < 0.1009E-06 0.3727E-07 222.1 
100.30 60.0 0.7040E-03 6.2 0.6799E-03 10.0 0.4687E-03 8.5 
100.30 76.4 0.2400E-04 56.9 < 0.1283E-04 0.4140E-04 40.3 
279.10 40.0 0.4448E-04 53.0 < 0.2842E-04 
279.10 75.3 0.1514E-05 11.2 
279.10 88.4 0.1752E-06 33.1 0.1327E-06 40.1 0.3878E-07 111.0 
279.10 97.1 0.1211E-06 49.3 0.5937E-08 863.0 
365.90 40 .0 0.1073E-04 25 .0 0.1358E-04 22.0 < 0.2858E-05 
365.90 74.7 0.2458E-06 99 .2 0.4889E-06 75.3 0.2089E-06 174.1 
365.90 80.5 < 0.6650E-07 < 0.5587E-07 0.4676E-07 105.5 
229.50 50.0 0.1340E-04 65 .0 < 0.6321E-05 0.9443E-05 85 .0 
229.50 150.0 0.4950E-07 97.0 < 0.1599E-07 
Table C.3, continued: Normalized Cross Sections. 
72 
Einc angle 4.242 4.260 4.296 
(MeV) (deg) u(mb/sr) c5u(%) u(mb/sr) c5u(%) u(mb/sr) c5u(%) 
189.60 45.0 < 0.1008E-04 0.2087E-04 40.0 0.1171E-03 9.8 
189.60 54.8 0.1590E-05 214.0 < 0.3374E-05 0.2925E-04 13.9 
189.60 65.0 0.5750E-05 25 .0 0.4810E-05 30.0 0.5280E-05 25 .0 
189.60 76.0 0.3031E-05 12.6 0.1941E-05 18.1 0.7307E-06 36.0 
189.60 88.0 0.6220E-06 30.0 0.4265E-06 56.0 0.7050E-06 22.0 
189.60 101.0 0.9885E-07 81.0 0.2553E-06 36.1 0.5866E-06 14.3 
189.60 155.0 < 0.9849E-07 < 0.8900E-07 < 0.6774E-07 
100.30 60.0 < 0.4367E-04 0.4005E-03 11.6 0.2891E-03 13.3 
100.30 76.4 < 0.1374E-04 0.1394E-04 180.3 0.4970E-04 33.5 
279.10 40.0 0.2706E-04 97.0 0.7918E-04 39.0 0.2279E-04 113.0 
279.10 75.3 
279.10 88.4 0.1471E-06 41.1 0.9557E-07 62.1 0.1275E-06 36.1 
279.10 97.1 < 0.1063E-06 0.1598E-06 54.2 < 0.4952E-07 
365.90 40.0 0.1219E-04 26.0 0.1423E-04 18.3 0.2823E-05 74.0 
365.90 74 .7 0.2877E-06 150.2 < 0.3609E-06 0.2092E-06 90.3 
365.90 80.5 < 0.6876E-07 0.2528E-07 276.2 0.5088E-07 87.6 
229.50 50.0 0.6854E-05 130.0 < 0.7387E-05 0.2848E-04 31.0 
229.50 150.0 0.1513E-07 210.0 0.2361E-07 300.0 0.2666E-07 130.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 4.330 4.360 4.406 
(MeV) (deg) u(mb/sr) c5u(%) u(mb/sr) c5u(%) u(mb/sr) c5u(%) 
189.60 45.0 0.3258E-04 46.0 0.9028E-04 13.3 
189.60 54.8 0.1824E-04 20.1 < 0.3374E-05 0.1952E-04 18.9 
189.60 65.0 0.4923E-05 26.0 0.3201E-05 38.0 0.4941E-05 26 .0 
189.60 76.0 0.7937E-06 36.0 0.1730E-05 18.1 
189.60 88.0 0.7109E-06 21.0 0.6418E-06 25.0 0.4711E-06 36.0 
189.60 101.0 0.3306E-06 26.1 0.3587E-06 24.1 0.3768E-06 21.1 
189.60 155.0 < 0.6052E-07 0.4105E-07 136.2 0.1946E-06 49.5 
100.30 60.0 0.1447E-03 35.0 
100.30 76.4 < 0.1191E-04 0.5800E-04 29.7 
279.10 40.0 0.6226E-04 45.0 0.4012E-04 73:0 < 0.2453E-04 
279.10 75.3 
279.10 88.4 0.9096E-07 52.1 0.3470E-06 20.2 0.1436E-06 51.1 
279.10 97.1 0.2631E-07 173.1 0.1187E-06 42.3 0.1296E-06 69.2 
365.90 40.0 0.6952E-05 36.0 0.4682E-05 42.0 0.5397E-05 54.0 
365.90 74.7 0.1979E-06 103.2 0.1308E-06 130.2 0.2484E-06 160.2 
365.90 80.5 < 0.3524E-07 0.4111E-07 94.6 0.1586E-07 274.2 
229.50 50.0 0.2461E-04 38.0 < 0.8377E-05 0.2020E-04 42.0 
229.50 150.0 < 0.1904E-07 0.4341E-07 65.0 0.2742E-07 56.0 
Table C.3, continued: Normalized Cross Sections. 
73 
Einc angle 4.431 4.450 4.470 
(MeV) (deg) e1(mbjsr) 6e1(%) e1(mbjsr) 6e1(%) e1(mb/sr) 6e1(%) 
189.60 45.0 < 0.1374E-04 < 0.1324E-04 0.1833E-04 64.0 
189.60 54.8 0.1332E-05 260.0 < 0.3374E-05 0.6291E-05 53.0 
189.60 65.0 0.7133E-06 216 .0 < 0.1566E-05 0.4754E-05 30.0 
189.60 76.0 0.2070E-06 117.0 0.4227E-06 63.0 0.1322E-05 27.0 
189.60 88.0 0.1068E-06 179.0 0.3554E-06 53.0 0.7998E-06 24 .0 
189.60 101.0 < 0.1175E-06 0.5020E-06 21.1 0.1016E-06 98 .0 
189.60 155.0 < 0.2017E-06 0.9550E-07 299.1 < 0.3441E-06 
100.30 60.0 0.2743E-03 16.5 < 0.5080E-04 0.1606E-03 37.6 
100.30 76.4 0.3725E-04 43.2 < 0.1374E-04 0.7779E-05 193.3 
279.10 40.0 < 0.2751E-04 0.2420E-04 110.0 0.1151E-04 288.0 
279.10 75.3 
279.10 88.4 < 0.9082E-06 0.3144E-06 34.1 < 0.1258E-05 
279.10 97.1 < 0.1518E-06 0.9487E-07 124.1 < 0.7065E-07 
365.90 40.0 < 0.4667E-05 0.1656E-05 166.0 < 0.3420E-05 
365.90 74.7 0.3151E-06 297.1 < 0.9937E-06 
365.90 80.5 < 0.9174E-07 0.8380E-07 135.4 < 0.1719E-06 
229.50 50.0 0.1132E-04 74.0 < 0.8271E-05 < 0.8377E-05 
229.50 150.0 < 0.3808E-07 < 0.2742E-07 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 4.485 4.510 4.534 
(MeV) (deg) CT(mb/sr) 6e1(%) CT(mb/sr) 6e1(%) e1(mb/sr) 6e1(%) 
189.60 45.0 0.3757E-04 33.0 0.2953E-04 30.0 
189.60 54.8 0.1915E-04 50.0 0.2571E-04 15.1 
189.60 65.0 0.1866E-05 83.0 0.4436E-05 35.0 0.4572E-06 299.0 
189.60 76.0 0.2933E-06 122.0 0.1208E-05 25.0 < 0.3192E-06 
189.60 88.0 < 0.1679E-05 0.1096E-05 22.0 0.1140E-06 182.0 
189.60 101.0 0.9725E-07 93.0 0.1921E-06 39.1 0.1716E-06 43.0 
189.60 155.0 0.1334E-06 206.1 < 0.1305E-06 < 0.7120E-07 
100.30 60.0 0.3198E-03 18.0 0.1586E-03 27.0 0.3780E-03 11.0 
100.30 76.4 0.2863E-04 56.9 0.1096E-04 127.4 0.7004E-05 194.3 
279.10 40.0 0.1994E-04 193.0 < 0.2604E-04 0.2253E-04 121.0 
279.10 75.3 < 0.3287E-06 0.1124E-06 161.0 0.1609E-06 37.0 
279.10 88.4 0.6643E-06 17.6 < 0.8735E-07 0.6986E-07 60.1 
279.10 97.1 < o~ 1307E-06 0.7719E-07 63.2 
365.90 40.0 0.1024E-04 30.0 0.2793E-05 91.0 0.9710E-06 225.0 
365.90 74.7 < 0.2354E-06 0.3243E-06 140.2 < 0.2458E-06 
365.90 80.5 0.8036E-07 164.3 < 0.7937E-07 0.9893E-07 62.9 
229.50 50.0 0.3806E-05 216.0 < 0.6702E-05 0.1310E-04 65.0 
229.50 150.0 < 0.2567E-07 0.5169E-08 215.0 
Table C.3, continued: Normalized Cross Sections. 
74 
Einc angle 4.580 4.610 4.640 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 0.2138E-04 60.0 0.9571E-04 13.0 0.1120E-04 85.0 
189.60 54.8 0.6747E-05 54.0 0.2161E-04 17.4 0.7272E-05 57.0 
189.60 65.0 0.7206E-06 299.0 0.4053E-05 50.0 0.6933E-06 195.0 
189.60 76.0 0.1105E-05 29 .0 0.1018E-05 29.0 0.3863E-06 112.0 
189.60 88.0 0.1861E-06 85.0 0.2006E-06 79.0 0.2205E-06 74.0 
189.60 101.0 0.4780E-07 116.0 0.4982E-06 17.7 0.1843E-06 42.0 
189.60 155.0 < 0.4628E-07 < 0.5459E-07 0.3922E-07 198.1 
100.30 60.0 0.7636E-03 5.7 0.4179E-03 10.0 < 0.3832E-04 
100.30 76.4 0.2202E-04 68.7 0.4223E-04 35.4 
279.10 40.0 0.3950E-04 55.0 0.5899E-04 44.0 0.7895E-04 39.0 
279.10 75.3 0.4176E-07 123.0 0.3524E-06 30.0 0.3917E-06 22.1 
279.10 88.4 0.1258E-06 25.1 0.1446E-06 42.1 
279.10 97.1 < 0.4706E-07 0.1040E-06 54.2 
365.90 40.0 0.3500E-05 64.0 0.2920E-05 80.0 0.4275E-05 56.0 
365.90 74.7 < 0.2766E-06 0.1464E-06 181.1 0.2798E-06 122.2 
365.90 80.5 < 0.2548E-06 < 0.4727E-07 0.2289E-07 234.2 
229.50 50.0 0.9291E-05 86.0 < 0.8377E-05 
229.50 150.0 < 0.2704E-07 0.2518E-07 52.0 < 0.3614E-07 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 4.667 4.700 4.720 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mbfsr) 8u(%) 
189.60 45.0 0.1303E-03 9.1 0.8593E-04 13.1 0.1507E-04 59.0 
189.60 54.8 0.8011E-04 7.5 0.5214E-04 9.9 0.4584E-05 86.0 
189.60 65.0 0.3675E-04 6.0 0.1748E-04 10.9 0.1174E-05 131.0 
189.60 76.0 0.1179E-04 5.9 0.2184E-05 21.0 < 0.3085E-06 
189.60 88.0 0.1741E-05 12.5 0.2130E-06 82.0 < 0.1580E-06 
189.60 101.0 0.1184E-05 9.9 0.4150E-06 25.1 0.6815E-07 135.0 
189.60 155.0 0.1199E-06 80.3 < 0.1092E-06 0.8544E-07 131.2 
100.30 60.0 0.3598E-03 12.8 
100.30 76.4 
279.10 40.0 0.1041E-03 28.0 0.7040E-04 44.0 < 0.3345E-04 
279.10 75.3 0.5246E-06 20.1 < 0.1685E-06 0.1682E-06 80.0 
279 .10 88.4 0.2096E-06 26.1 0.4686E-07 103.0 0.3367E-06 25 .1 
279.10 97.1 < 0.6429E-07 0.1852E-07 293.0 0.5108E-07 131.1 
365.90 40.0 0.2813E-04 13.1 0.1268E-04 28.0 < 0.2785E-05 
365.90 74.7 < 0.1674E-06 < 0.8386E-06 < 0.1110E-05 
365.90 80.5 < 0.5587E-07 0.5213E-07 162.3 < 0.1031E-06 
229.50 50.0 0.5773E-04 18.7 0.4338E-04 24.0 0.1132E-04 77.0 
229.50 150.0 < 0.5331E-08 0.2455E-07 103.0 
Table C.3, continued: Normalized Cross Sections. 
75 
Einc angle 4.748 4.770 4.795 
(MeV) (deg) o-(mb/sr) 6o-(%) o-(mb/sr) 6o-(%) o-(mb/sr) 6o-(%) 
189.60 45.0 0.1392E-03 10.0 0.1184E-04 96;0 
189.60 54.8 0.2380E-04 17.1 0.1566E-04 24.1 0.4400E-04 11.2 
189.60 65.0 0.3044E-05 55.0 0.7742E-05 22.0 0.2001E-04 9.3 
189.60 76 .0 0.2734E-05 18.2 < 0.3420E-06 0.1123E-04 6.7 
189.60 88.0 0.7505E-06 26.0 0.5579E-06 45 .0 0.3930E-05 8.3 
189.60 101.0 0.2447E-06 33.1 0.6482E-06 16.7 0.7098E-06 14.7 
189.60 155.0 < 0.1305E-06 0.9849E-07 132.2 < 0.1104E-06 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.5204E-04 60.0 0.2899E-04 113.0 0.1189E-03 24.0 
279.10 75.3 0.4774E-06 23.1 0.2271E-06 38.0 
279.10 88.4 0.6929E-07 104.0 0.1670E-06 40.1 0.4529E-07 127.0 
279.10 97.1 0.3112E-07 210.1 0.9335E-07 103.1 0.7969E-07 89 .1 
365.90 40.0 0.8920E-06 292.0 0.3457E-05 89.0 0.4421E-04 10.2 
365.90 74.7 < 0.8368E-06 0.4918E-06 198.1 < 0.5125E-06 
365.90 80.5 0.1298E-06 82.7 < 0.1074E-06 0.4478E-07 175.3 
229.50 50.0 < 0.7616E-05 0.2659E-05 287.0 0.4539E-04 24.0 
229.50 150.0 < 0.3580E-07 < 0.1828E-07 0.8362E-07 73.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 4.827 4.860 4.910 
(MeV) (deg) o-(mb/sr) 6o-(%) o-(mb/sr) 6o-(%) o-(mb/sr) 6o-(%) 
189.60 45 .0 0.6129E-04 20.0 0.4683E-04 27.0 0.1222E-04 70 .0 
189.60 54.8 0.4194E-04 11.2 0.2170E-05 188.0 
189.60 65.0 0.1069E-04 16.8 0.4532E-05 34.0 
189.60 76.0 0.5244E-05 13.8 0.4391E-05 13.6 
189.60 88.0 0.1573E-05 18.3 
189.60 101.0 0.1274E-05 8.8 0.7427E-06 15.2 0.2847E-06 31.1 
189.60 155.0 < 0.6052E-07 0.7786E-07 76.3 < 0.4984E-07 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.8847E-04 33.0 0.5055E-04 60.0 0.1443E-04 135.0 
279.10 75.3 0.1142E-06 77.0 0.6644E-06 16.8 
279.10 88.4 0.9795E-07 49.1 0.1482E-06 34.1 0.1098E-06 41.1 
279.10 97.1 0.1098E-06 46.3 0.1396E-06 34.4 0.3514E-07 95.1 
365.90 40.0 0.1249E-04 30.0 0.5571E-04 9.0 
365.90 74.7 0.4856E-06 71.3 < 0.1517E-06 0.2040E-06 36.7 
365.90 80.5 < 0.6016E-07 < 0.6248E-07 < 0.4126E-07 
229.50 50.0 0.3413E-04 30.0 0.4391E-04 24.0 < 0.9447E-05 
229.50 150.0 < 0.1752E-07 0.1290E-07 140.0 < 0.6017E-08 
Table C.3, continued: Normalized Cross Sections. 
76 
Einc angle 4.979 5.000 5.026 
(MeV) (deg) u(mb/sr) 6o-(%) u(mb/sr) 6o-(%) u(mb/sr) 6o-(%) 
189.60 45.0 0.7942E-04 15.0 0.2106E-04 48.0 0.1596E-03 7.9 
189.60 54.8 0.2836E-04 14.2 < 0.4877E-05 0.5346E-04 9.2 
189.60 65.0 0.1435E-04 12.0 0.1905E-05 95.0 0.7394E-05 23.0 
189.60 76.0 0.6988E-05 8.0 0.8713E-06 55.0 0.2485E-05 21.0 
189.60 88.0 0.3535E-05 7.8 0.5134E-06 37.0 0.8689E-06 22 .0 
189.60 101.0 0.2106E-05 7.4 0.1966E-06 46.0 0.4823E-06 21.1 
189.60 155.0 0.4509E-07 165.1 0.1000E-06 103.2 < 0.8663E-07 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.5949E-04 39.0 0.1135E-03 27.0 0.2941E-04 79.0 
279.10 75.3 0.2553E-05 6.8 0.3503E-06 43.0 0.1357E-06 111.0 
279.10 88.4 0.3991E-06 16.9 0.3955E-07 139.0 0.1565E-06 34.1 
279.10 97.1 0.2237E-06 31.4 < 0.9108E-07 0.1004E-06 109.1 
365.90 40.0 0.2831E-04 14.6 0.3980E-05 87.0 0.5105E-05 58.0 
365.90 74.7 0.3912E-06 64.4 < 0.3504E-06 0.3138E-06 122.2 
365.90 80.5 < 0.5587E-07 < 0.8157E-07 
229.50 50.0 < 0.9581E-05 0.1287E-04 70.0 0.2574E-04 37.0 
229.50 150.0 0.3375E-08 283.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 5.050 5.101 5.157 
(MeV) (deg) u(mb/sr) 6o-(%) u(mb/sr) 6o-(%) u(mb/sr) 6o-(%) 
189.60 45.0 0.1486E-04 70.0 0.1096E-03 10.7 
189.60 54.8 0.1159E-04 33.1 0.3337E-04 12.2 
189.60 65.0 0.9707E-05 16.5 0.7568E-05 27.0 0.1392E-04 12.5 
189.60 76.0 0.5866E-05 10.1 0.2803E-05 20.0 0.3796E-05 14.5 
189.60 88.0 0.2052E-05 12.4 < 0.2275E-06 
189.60 101.0 0.2856E-06 31.1 
189.60 155.0 0.6639E-07 89.3 0.2611E-07 154.1 < 0.4509E-07 
100.30 60 .0 
100.30 76.4 
279.10 40.0 < 0.6691E-04 
279.10 75 .3 0.4277E-06 30.0 0.8057E-06 18.6 
279.10 88.4 0.1582E-06 57.1 0.2431E-06 33.1 0.4883E-07 80.0 
279.10 97.1 < 0.2049E-06 < 0.2429E-06 0.5802E-07 100.1 
365.90 40.0 0.2455E-04 15.2 0.7470E-05 40.1 0.2659E-05 101.0 
365.90 74.7 < 0.2092E-06 0.3033E-06 37.7 0.1621E-06 70 .3 
365.90 80.5 < 0.8074E-07 0.6936E-07 77.7 0.6072E-07 86.6 
229.50 50.0 0.1615E-04 55.0 < 0.7311E-05 0.2110E-04 41.0 
229.50 150.0 < 0.6931E-08 0.3293E-07 39.0 0.6443E-08 223 .0 
Table C.3, continued: Normalized Cross Sections. 
77 
Einc angle 5.196 5.229 5.295 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 0.1475E-03 8.3 0.6496E-04 17.0 0.3143E-04 31.0 
189.60 54.8 0.7835E-04 6.9 0.1060E-04 39,1 0.8243E-05 50.0 
189.60 65.0 0.3418E-04 6.8 0.1279E-04 13.3 < 0.1218E-05 
189.60 76.0 0.9481E-05 7.5 0.7980E-05 8.4 
189.60 88.0 0.6780E-06 29.0 0.2919E-05 9.5 0.1161E-05 18.8 
189.60 101.0 0.6463E-06 15.6 0.9424E-06 12.2 
189.60 155.0 0.5399E-07 113.2 < 0.6573E-07 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.4572E-04 45.0 
279.10 75.3 0.8827E-06 15.8 0.2600E-06 43.0 0.4692E-06 21.1 
279.10 88.4 0.1691E-06 30.1 < 0.4401E-07 0.1417E-06 35.1 
279.10 97.1 < 0.4174E-07 0.1176E-06 34.4 0.1586E-06 22.6 
365.90 40.0 0.1302E-04 23.0 0.3164E-04 12.2 0.1326E-05 210.0 
365.90 74.7 0.1229E-06 107.2 < 0.1046E-06 0.1098E-06 62.4 
365.90 80.5 < 0.4297E-07 < 0.4727E-07 < 0.5538E-07 
229.50 50.0 0.6368E-04 17.5 0.1634E-04 53.0 
229.50 150.0 0.8149E-08 226.0 0.7959E-08 89.0 0.1127E-07 75.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 5.377 5.424 5.466 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 0.2780E-04 38.0 0.1924E-04 51.0 0.1945E-03 6.8 
189.60 54.8 0.1251E-04 30.1 0.1613E-04 26 .1 0.4532E-04 11.1 
189.60 65.0 0.4935E-05 40.0 0.4654E-05 36.0 
189.60 76.0 0.1883E-05 31.0 0.2658E-05 24.0 
189.60 88.0 0.1079E-05 17.0 0.1297E-05 17.4 
189.60 101.0 0.1187E-06 81.0 0.3948E-06 23.1 
189.60 155.0 0.1028E-06 57.4 < 0.7535E-07 0.3192E-06 23 .0 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.4163E-04 60.0 0.8282E-04 36.0 0.6456E-04 45 .0 
279.10 75.3 0.4022E-06 25 .1 0.1213E-05 10.6 
279.10 88.4 0.1278E-06 39.1 0.1923E-06 29.1 0.4477E-06 15.8 
279.10 97.1 0.8364E-07 42.3 0.7688E-07 53.2 0.2195E-06 22 .6 
365.90 40.0 < 0.2785E-05 0.1351E-05 207.0 < 0.3537E-05 
365.90 74.7 0.4198E-06 184.1 0.1425E-06 70.3 0.5366E-07 195.1 
365.90 80.5 < 0.4297E-07 < 0.3825E-07 < 0.4297E-07 
229.50 50.0 < 0.7159E-05 0.1187E-04 69.0 
229.50 150.0 < 0.6169E-08 0.5027E-08 220.0 0.3770E-07 37.0 
Table C.3, continued: Normalized Cross Sections. 
78 
Einc angle 5.510 5.574 5.650 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 0.1894E-03 11.5 0.2138E-04 53.0 0.7103E-04 16.8 
189.60 54.8 0.3932E-04 13.5 0.2159E-04 22 .1 < 0.5927E-05 
189.60 65.0 0.3997E-04 7.6 0.1058E-04 36.0 
189.60 76.0 0.6147E-05 11 .8 0.4616E-05 14.7 0.3301E-05 18.7 
189.60 88.0 0.1608E-06 119.0 0.4076E-06 66 .0 
189.60 101.0 0.3173E-06 26.1 < 0.1100E-06 
189.60 155.0 0.1297E-06 48.5 0.1021E-06 49.5 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.1323E-03 25 .0 0.6245E-04 32.0 0.6579E-04 103.0 
279 .10 75.3 0.3494E-06 90.0 
279 .10 88.4 0.1816E-06 30.1 0.5597E-07 166.0 
279.10 97.1 0.1025E-06 35.4 0.1036E-06 87 .1 
365.90 40.0 0.1481E-04 23 .0 0.1303E-04 26.0 < 0.4591E-05 
365.90 74.7 0.2722E-06 35.7 < 0.7322E-07 0. 1406E-06 268.1 
365.90 80.5 < 0.4297E-07 < 0.4727E-07 0.2694E-06 135.4 
229.50 50.0 0.8568E-05 96 .0 0.1011E-04 117.0 
229 .50 150.0 0.3031E-07 45 .0 0.1097E-07 83.0 0.1305E-07 65.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 5.660 5.703 5.740 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45 .0 0.1100E-03 11.5 0.3924E-04 26.0 
189.60 54.8 0.9011E-05 62.0 < 0.5004E-05 0.1825E-04 24.1 
189.60 65 .0 0.1608E-05 144.0 < 0.1392E-05 0.2523E-04 9.9 
189.60 76.0 0.9248E-06 57.0 0.9904E-05 4.7 
189.60 88.0 0.1008E-06 261.0 0.1275E-06 158.0 0.5695E-05 7.0 
189.60 101.0 
189.60 155.0 < 0.6052E-07 0.2220E-07 231.1 0.3939E-07 93 .2 
100.30 60.0 
100.30 76.4 
279 .10 40 .0 < 0.8178E-04 0.2354E-04 110.0 
279.10 75 .3 < 0.2168E-06 0.4581E-06 25.1 0.5716E-06 20 .1 
279 .10 88.4 0.6587E-07 143.0 0.1262E-06 42.1 0.9613E-07 52.1 
279.10 97.1 < 0.1063E-06 0.9722E-07 48 .3 0.9639E-07 43 .3 
365.90 40.0 < 0.5102E-05 < 0.2860E-05 0.3463E-04 11.1 
365.90 74.7 < 0.4830E-06 0.1778E-06 97.3 0.1254E-06 92.3 
365.90 80.5 < 0.8165E-07 < 0.4297E-07 0.2567E-07 182.3 
229.50 50.0 < 0.1425E-04 < 0.8377E-05 0.3366E-04 29.0 
229.50 150.0 0.3562E-07 159.0 < 0.8378E-08 0.1112E-07 123.0 
Table C.3, continued: Normalized Cross Sections. 
79 
Einc angle 5.789 15.896 5.989 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 0.1066E-03 11.9 0.8038E-04 14.3 
189.60 54.8 0.1963E-04 25 .1 
189.60 65.0 < 0.1479E-05 < 0.2088E-05 
189.60 76.0 0.1961E-05 23.0 
189.60 88.0 0.3858E-06 53.0 < 0.2172E-06 
189.60 101.0 
189.60 155.0 < 0.4984E-07 < 0.5103E-06 0.4604E-07 120.2 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.3875E-04 62 .0 0.7709E-04 40 .0 
279.10 75.3 0.9135E-06 12.7 
279.10 88.4 0.3028E-06 20 .2 0.2861E-06 21.2 < 0.9082E-07 
279.10 97.1 0.1897E-06 23 .5 0.1399E-06 33.4 0.1944E-06 23.5 
365.90 40.0 < 0.3011E-05 < 0.3161E-05 0.2004E-04 20.0 
365.90 74.7 0.6386E-06 18.8 0.2996E-06 40 .6 0.3390E-06 38.6 
365.90 80.5 0.4083E-07 94.6 0.5810E-07 49.1 0.2147E-06 20.0 
229.50 50.0 0.1003E-04 83.0 0.1546E-04 54.0 0.5677E-04 69.0 
229.50 150.0 0.1752E-07 60.0 0.1767E-07 51.0 0.2544E-07 37.0 
Table C.3, continued: Normalized Cross Sections. 
Einc angle 6.078 6.187 6.268 
(MeV) (deg) u(mb/sr) 8u(%) u(mb/sr) 8u(%) u(mb/sr) 8u(%) 
189.60 45.0 
189.60 54.8 0.1754E-04 24.1 0.3643E-04 18.3 
189.60 65.0 0.1130E-04 20.0 
189.60 76.0 
189.60 88.0 0.2866E-06 93.0 
189.60 101.0 
189.60 155.0 0.4747E-07 106.2 0.2977E-06 19.1 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.6040E-04 45.0 
279.10 75.3 
279.10 88.4 0.1982E-06 28.1 
279.10 97.1 0.1015E-06 34.4 0.2702E-06 18.6 
365.90 40.0 0.2841E-04 15.4 0.1555E-04 26.2 0.3620E-05 99 .7 
365.90 74.7 0.2706E-06 56.4 0.3405E-06 51.5 0.6491E-06 30.8 
365.90 80.5 < 0.3653E-07 < 0.1848E-04 
229.50 50.0 < 0.1321E-04 0.7455E-05 134.0 < 0.1219E-04 
229.50 150.0 0.7253E-08 118.0 
Table C.3, continued: Normalized Cross Sections. 
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Einc angle 6.364 5.090 4.896 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) u(mb/sr) 6u(%) 
189.60 45.0 0.8491E-04 16.0 0.1324E-04 70 .0 
189.60 54.8 0.8963E-05 42.0 
189.60 65.0 
189.60 76.0 0.5521E-05 50.0 
189.60 88.0 0.2212E-05 11.4 0.1275E-05 18.1 
189.60 101.0 0.5260E-06 17.6 0.7784E-06 10.5 
189.60 155.0 0.4845E-07 103.2 
100.30 60.0 
100.30 76.4 
279.10 40.0 0.5203E-04 82.0 
279.10 75.3 0.1140E-05 10.2 0.5842E-06 17.2 
279.10 88.4 0.2529E-06 45.1 
279.10 97.1 
365.90 40.0 
365.90 74.7 
365.90 80.5 
229.50 50.0 0.8743E-05 94.0 
229.50 150.0 
Table C.3, continued: Normalized Cross Sections. 
E;nc angle 7.064 7.083 
(MeV) (deg) u(mb/sr) 6u(%) u(mb/sr) 6u(%) • 
189.60 45.0 
189.60 54.8 
189.60 65.0 
189.60 76.0 
189.60 88.0 
189.60 101.0 0.5673E-06 22.1 
189.60 155.0 0.6931E-07 67.8 0.4299E-06 12.6 
100.30 60.0 
100.30 76.4 
279.10 40.0 
279.10 75.3 0.8099E-06 14.5 
279.10 88.4 0.3467E-06 19.9 
279.10 97.1 0.1951E-06 28.4 
365.90 40.0 
365.90 74.7 0.3716E-06 36.7 
365.90 80.5 0.3074E-06 14.3 
229.50 50.0 
229.50 150.0 0.5851E-07 18.3 0.1177E-06 12.3 
Table C.3, continued: Normalized Cross Sections. 
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